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The problem of how sand and mud was distributed downslope, within linked alluvial-
brackish water-marine shoreline systems of an extensive clastic wedge is addressed here. 
The Iles Clastic wedge accumulated over a time period of a few million years (my), and 
its component high-frequency regressive-transgressive sequences have a duration of a 
few 100 thousand years (ky). The sediment partitioning study provides insight into where 
the thickest sandstones and mudstones were located, and generates a model that can be 
applied to improving the management of hydrocarbons or water resources. A 300 km 2-D 
study transect across the Iles Clastic Wedge in SW Wyoming and N Colorado included 
subsurface well log information and outcrop stratigraphic columns. This information was 
used to correlate high-frequency sequences across several hundred kilometers, 
characterize depositional processes from proximal to distal reaches, develop a sediment 
 vii
partitioning model, and understand the role of the likely drivers in the development of the 
wedge and its internal sequences.  The main results of this study are: 
(1) The Iles Clastic Wedge spans 3 my (500 m thick) and is composed internally of 
11 sequences of 200-400 ky, each of which have significant regressive-
transgressive transits of up to 90 km. Sediment partitioning analysis shows that 
within the regressive limb of the large wedge, the component regressive 
compartments tend to thicken basinwards, whereas transgressive compartments 
thicken landwards. This geometry is driven by preferential erosion in proximal 
areas during regression, bypassing much sediment to the marine shorelines, and 
transgressive backfilling into proximal areas previously eroded more deeply. 
(2) The greatest concentration of sands tends to be located in the proximal fluvial and 
estuarine facies of the transgressive compartments and within the medial 
shoreline/deltaic facies of the regressive compartments. 
(3) As the high-frequency sequences developed, the effectiveness of basinward sand 
partitioning reaches a maximum value near the peak regression level of the 
wedge, reflecting stronger erosion and sediment bypass during this times.  
(4) The development of the Iles Clastic Wedge was influenced by both tectonic and 
eustatic drivers, with important tectonic control in the upstream reaches. On a 4th-
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CHAPTER 1: INTRODUCTION 
PROBLEM AND SIGNIFICANCE 
Sediment Partitioning 
The main focus of this research is an assessment of sediment partitioning or how 
sand and mud are distributed from source to sink reaches (100s of km) within a large 
scale (ca. 500 m-thick maximum, few million year (my) duration) clastic wedge and its 
component shorter time-scale (few 100 thousand years (ky)) sequences. This topic has 
applications to frontier oil and gas exploration and at the same time is currently a matter 
of interest to the scientific community that considers sediment budget distribution in a 
holistic manner (Syvitski et al, 2003; Pratson et al., 2007). The understanding of how 
sand and mud is sequestered from proximal to distal reaches of the system, processed by 
repeated regressive to transgressive, cross-shelf transits of shorelines, can be used to 
predict where the thickest sandstone and mudstone accumulations are likely to be located. 
The scientific community focuses on this topic (e.g., within NSF MARGINS, Pratson et 
al., 2007) as a source-to-sink initiative with the aim of, among others, an improved 
resource management of groundwater and hydrocarbons. 
Offspring problems associated with sediment partitioning are how high-frequency 
sequences correlate across long distances (100s of km) and how facies change from 
proximal to distal reaches of the system, especially in the fluvial to marine transition. The 
improvement in our understanding of tidal and brackish-water signals within fluvial 
systems, as well as building of better estuary-to-fluvial transition models will become 
increasingly relevant with increasing scarcity of hydrocarbons. This is related to the fact 
that important volumes of hydrocarbons can be stored in estuarine sandstones that often 
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have very different orientations from the related regressive shorelines (Yoshida et al., 
2001). The McMurray Tar Sands in Alberta, Canada (e.g. Ranger et al., 2005) and the 
Lower-Middle Jurassic Sandstones in the northern North Sea (e.g. Marjanac and Steel, 
1997) provide good examples of hydrocarbon-producing estuarine sandstones. 
The Iles Clastic Wedge (Crabaugh, 2001) in SW Wyoming and N Colorado 
provides a great opportunity to study these problems. This wedge spans a time interval of 
ca. 3 my and contains a series of high-frequency (few 100 ky) sequences that demonstrate 
fluvial to marine facies changes across a ca. 300 km (2-D) transect roughly oriented 
parallel to depositional dip. This wedge was deposited in mid-late Campanian, into the 
Western Interior Seaway, and crops out now in the present-day Green River, Washakie, 
Sand Wash, and Middle Park basins (Figure 1.1). The study area contains several 
hundred well log and outcrop locations where surface-subsurface correlations can be 
made. The rock exposures in the proximal (fluvial) and medial (shoreline) reaches of the 
wedge are especially useful for detailing depositional processes information into the 
correlation and for improving our understanding of how these processes change along 
depositional dip and strike and through time. 
Tectonics 
The role of tectonics in the development of the Iles Clastic Wedge and its 
component sequences is also a problem that this research aims to address. This problem 
is especially interesting in the proximal reaches of the system where there was likely 
interaction of the Sevier thrust system to the west and the beginning of movement of the 
local Laramide basement-involved uplifts (Dickinson et al., 1988, Devlin et al, 1993; 
Krystinik and DeJarnett, 1995; Martinsen et al., 1999). Although these two structural 
styles are markedly different in expression, they nevertheless stem from the same 
subduction system, albeit with a likely change in the subducting-slab geometry 
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(DeCelles, 2004). An improved understanding of the role of local and regional tectonics 
(vs. eustatic controls, for example) in the development of such clastic wedges will 
contribute to a better characterization of sedimentary systems in tectonically active areas. 
OBJECTIVES 
With the aim of solving the larger problems outlined above, the following 
individual objectives have been pursued within the context of the Iles Clastic Wedge: 
1. Determining the 3rd- and 4th-order sequence stratigraphic framework (and key 
stratigraphic surfaces) for the proximal to distal system within the clastic wedge. 
2. Calculating 2-D areas (3-D volumes are not yet within reach, because of data 
constraints) for each transgressive and regressive systems tract within each 
sequence, along the different depositional zones.  
3. Characterizing sand bodies along the (a) fluvial and tidal fluvial/estuarine and 
(b) marine-shoreline reaches of the transect. Both regressive and transgressive 
phases of 4th-order sandbodies are documented.  
4. Evaluating the influence of Sevier fold-and-thrust tectonics vs. eustatic sea-
level change during the deposition of the third order clastic wedge. 
5. Assessing the impact or signals of any Rock Springs Uplift tectonics (or other 
Laramide structures) on the proximal (Rock Springs area) reaches of the study 
succession.  
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Figure 1.1. Regional map of S Wyoming and N Colorado showing the configuration of 
the present-day Laramide basins. During the Campanian these basins were 
part of a single Western Interior Basin. The study basins are depicted in 
black (modified from Dickinson, 1988). Study regions are highlighted in 
gray. The research transect (approximate location shown by gray line) starts 
in the southeastern part of the Rock Springs Uplift and crosses the 
Washakie, Sand Wash, and Middle Park basins. 
PREVIOUS WORK ON ILES WEDGE 
The present work builds firmly on the earlier research of Jeff Crabaugh who 
defined the Iles Clastic Wedge (Crabaugh 2001). Crabaugh’s work focused on the 
shoreline reaches of the regressive portion (his Lower Iles) of the wedge (mid-reaches in 
the current terminology) and made extensive use of outcrop data. He constructed the first 
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modern facies geometry of the complex, low-accommodation shorelines of the lower Iles 
succession, building on the earlier work of Masters (1965). The present work extends 
Crabaugh’s research in the following ways: 
Crabaugh’s outcrop work on the Lower Iles shorelines (Iles 1-9) is extended to 
the Upper Iles (Iles 10-14). 
The geometry of the shoreline reaches of the wedge (Iles 1-14) is reconstructed 
with well data. 
The shoreline segments of the Iles Clastic Wedge are extended landwards towards 
Rock Springs (Wy), by difficult and painstaking correlation of the shorelines back into 
the tidal and coastal alluvial reaches. The rationale for this correlation (biostratigraphic 
and sequence stratigraphic constraints) is provided in detail in Chapter 2). 
Both outcrop work (detailing the estuarine influence 150 km landwards of the 
shorelines) and subsurface work (including isopach maps) in the proximal area of the 
wedge (Rock Springs area) were integrated with the marine segments of the wedge. 
METHODOLOGY 
The complete study area stretches from southwestern Wyoming to northern 
Colorado and has been strategically divided in three regions, from northwest to southeast 
i.e., from proximal to distal reaches (Figure 1.1). Region 1 lies within the present Greater 
Green River Basin, and extends south and east of the town of La Barge, through the Rock 
Springs Uplift and into the Washakie Basin. Region 2 lies within the Sand Wash Basin in 
N Colorado, whereas region 3 corresponds to the Middle Park Basin.  
The regions named above were studied using outcrop and/or subsurface data, 
depending on availability. The available information comprises a total of 151 well logs 
and 24 stratigraphic columns. Among these, 26 well logs and 12 stratigraphic columns 
were assembled to produce a ca. 300 km 2-D transect from the SE flank of the Rock 
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Springs Uplift in region 1 to north of Kremmling in region 3 (Figure 1.1). The outcrop 
information in this transect was vital for calibrating well logs and developing a 
correlation method that incorporates facies/depositional processes into sequence 
stratigraphic interpretations. This together with the biostratigraphy allows the correlation 
of high-frequency sequences across long distances (several 100 km). This correlation 
method constitutes the backbone of this research. Using this correlation method a 
regional sequence stratigraphic framework was constructed at both wedge scale (3 my) 
and at sequence (few 100 ky) scale. Then, 2-D areas were calculated for each of the 
transgressive and regressive systems tracts within each sequence across the different 
depositional zones with the aim of assessing sediment partitioning. 
In region 1, 130 well logs and 13 stratigraphic columns are used to produce 
isopach maps of different time intervals to assess possible tectonic influence in the 
deposition of the proximal deposits of the wedge. Outcrop information in the area was 
used to understand depositional processes in the proximal fluvial to estuarine reaches of 
the system. In region 2, 15 well logs and 8 stratigraphic profiles (incorporating 
Crabaugh’s (2001) earlier work on Lower Iles) were used to characterize the repeated 
basinward and landward movements of the shoreline and understand the depositional 
processes in this zone. Region 3 was treated briefly, using a composite stratigraphic 
column available from the literature. 
Detailed information on the methodology used to solve specific problems is 
presented in different chapters. Each chapter includes an introduction, methodology, 
results and conclusions that deal with particular topics within this research. Each of these 
topics is related, and as a whole help to fulfill the objectives of this research. 
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OVERVIEW OF THE CHAPTERS 
Introduction 
Chapters 2, 3 and 4 are closely related and as a whole help answer the main research 
questions at different scales of detail. Chapter 2 presents a regional overview of the study 
object, the Iles Clastic Wedge. In the study area this wedge can be subdivided into 
proximal and medial reaches. Chapter 3 is a detailed description of the Iles Wedge in its 
proximal alluvial and estuarine/coastal-plain reaches whereas Chapter 4 deals with the 
details of the wedge in its medial or shoreline zone. 
Chapter 2 
Chapter 2 is a manuscript already accepted for publication in AAPG Bulletin. It 
shows the work done in the southern part of region 1, region 2, and region 3, and forms a 
detailed regional geologic setting chapter, dealing with the entire clastic wedge. Chapter 
2 presents the results of sediment partitioning within the Iles Clastic Wedge; details of the 
high-frequency sequences and their possible applications to hydrocarbons exploration. 
This chapter also describes the methodology used to correlate short time-scale sequences 
across long distances (several hundred kilometers), a technique which can be applied to 
other similar basins. Besides the sediment partitioning analysis and discussion of the 
correlation method, one of the main outcomes of this chapter is a detailed sequence 
stratigraphic framework at fourth-order scale (few 100 ky), accompanied by an analysis 
of possible drivers and comparison with modern analogs. This is one of very few 
attempts that have been made to characterize 4th-order sequences from proximal to distal 
reaches in the Western Interior Seaway. 
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Chapter 3 
Chapter 3 offers a detailed characterization of the proximal reaches of the Iles 
Clastic Wedge (region 1) where tidal and brackish-water signals at particular levels 
within the succession and within fluvial sequences can be correlated to marine 
transgressions in the medial reaches of the wedge. This chapter particularly deals with 
depositional processes in the fluvial to estuarine transition and analyzes how they change 
laterally and through time. Chapter 3 presents isopach maps of the most significant time 
intervals, as an aid to interpreting paleogeography and tectonics. 
Chapter 4 
Chapter 4 presents a detailed characterization of the medial reaches of the Iles 
Clastic Wedge in region 2. It deals with depositional processes interpreted from outcrop 
data where incised valleys and deltaic shorelines affected by differing processes are of 
particular interest. Incised valleys are one of the key signals for the interpretation of 
forced regression of some of the Iles shorelines, whereas the identification of wave or 
tide influence on the shoreline development can improve our understanding of the 
different geometries observed in the deltaic sandbodies present in both the lower 
regressive and upper transgressive parts of the clastic wedge. Chapter 4 also offers a 
sequence stratigraphic analysis of the wedge’s component 4th-order sequences, as well as 
the basinward-landward movement of shoreline and coastal-plain pinchouts through time. 
Comparison of coastal plain and shoreline pinchout trajectories through time is used to 
visualize how coastal-plain progradation lagged behind shoreline progradation during 
specific stages of forced regression. Using the maximum landward and seaward position 
of the mapped Iles shorelines, together with additional shorelines mapped by other 
authors a few 100 km to the north in Wyoming, and few shorelines mapped in chapter 3, 
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this chapter provides a shoreline reconstruction map for some of the most prominent Iles 
shorelines.  
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CHAPTER 2: CLASTIC WEDGE DEVELOPMENT AND SEDIMENT 
PARTITIONING WITHIN A 300 KM FLUVIAL-TO-MARINE 
CAMPANIAN TRANSECT (3 MY), WESTERN INTERIOR 
SEAWAY, SW WYOMING AND N COLORADO 
ABSTRACT 
A 300 km (188 mi) sedimentary transect was reconstructed across the 500 m 
(1640 ft) thick, 3 my duration Iles Clastic Wedge in S Wyoming and N Colorado using 
well logs and stratigraphic columns. This wedge developed in mid-late Campanian times 
by progradation from the active Sevier fold-and-thrust belt and adjacent uplifted areas. 
Analysis of this transect allows the wedge and its component sequences to be better 
understood and permits a 2-D characterization of the sand-mud distribution. The Iles 
Wedge exhibits eleven, low-gradient, regressive-transgressive, high-frequency sequences 
that were correlated across several hundred kilometers. 
Sediment partitioning analysis along the transect shows that: 
(1) Within the regressive limb of the Iles Wedge, the component higher order 
regressive compartments tend to thicken into the medial reaches of the wedge, 
whereas transgressive compartments thicken landwards. This geometry is driven 
by preferential erosion in proximal areas during regression, bypassing much 
sediment to the marine shorelines, and transgressive backfilling into proximal 
areas previously eroded more deeply. 
(2) The greatest concentration of sands tends to be located in the proximal fluvial 
and estuarine facies of the transgressive compartments and within the medial 
shoreline/deltaic facies of the regressive compartments. 
(3) As the high-frequency sequences develop, the effectiveness of basinward sand 
partitioning reaches a maximum value near the peak regression level of the 
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wedge, apparently reflecting stronger erosion and sediment bypass during these 
times. 
INTRODUCTION 
The infill of the Upper Cretaceous Western Interior Seaway has been divided into 
a series of megasequences or clastic wedges that emanated out mainly from the Sevier 
fold-and-thrust belt (Liu et al, 2005). Few attempts have been made to characterize these 
clastic wedges and their component sequences from proximal to distal reaches (but see 
Van Wagoner, 1991; Hettinger and Kirschbaum, 2002; Kirschbaum and Hettinger, 2004; 
Plint and Kreitner, 2007), probably due to the difficulty of correlating sequences in detail 
across long distances. The objective of the present work is to help fill this gap by using a 
source-to–sink correlation method that puts weight on how depositional processes were 
distributed within stratigraphic sequences and on how extensive and repeated marine 
transgressions in the downdip shoreline zones produce tidal and brackish-water 
incursions far up into the ‘alluvial’ zones. This method allows high-resolution correlation 
across long distances (few hundreds of kilometers) and can be applied to other basins of 
similarly low depositional gradient.  
A secondary objective of this paper was to develop a sediment budget distribution 
model for the studied clastic wedge through the analysis of a 2-D source-to-sink transect. 
Differential partitioning of sediment in source-to-sink transects (Cross, 1988; Siggerud 
and Steel, 1999), or how sand and mud are distributed downslope within sedimentary 
systems (e.g., Goodbred and Kuehl, 1999; Dalrymple, 2006a), within regressive versus 
transgressive transits of sequences (e.g. Carvajal, 2007) is important for frontier oil and 
gas exploration. The results predict where the thickest sandstones or shales are located in 
each regressive and transgressive systems tract of the sequence, and can be used to assess 
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reservoir heterogeneity, especially important in the case of the heterolithic estuarine 
deposits. 
The study focuses on a two-dimensional, 300-km-long (188 mi) and up to 500-m-
thick (164 ft) transect within the Iles Clastic Wedge (Crabaugh 2001) of SW Wyoming 
and N Colorado (Figures 2.1 and 2.2), oriented slightly oblique to depositional dip. An 
analysis of the depositional systems and sequence stratigraphy is presented, as well as a 
2-D sediment partitioning estimation (a proxy for volumetric sediment partitioning) 
within the 3rd-order (few my) clastic wedge and within its component 4th-order (few 100 
ky) regressive-transgressive sequences.  
GEOLOGIC SETTING 
Stratigraphy of the Clastic Wedge 
The Iles Clastic Wedge includes formations in the present Washakie, Sand Wash, 
and Middle Park basins (Figure 2.1). It is up to 500 m (1640 ft) thick and corresponds to 
a single, large-scale regressive-transgressive clastic wedge (Figure 2.3) that accreted into 
the shallow-water (Kauffman, 1984; Kauffman, 1985; Crabaugh 2001) Western Interior 
Basin during the mid-late Campanian (Figure 2.4). In the study area latitude this basin 
was between 800 and 1000 km wide, from east to west (R. Blakey, North American 
Paleogeographic maps, <http://jan.ucc.nau.edu/~rcb7/namK75.jpg>) (Figure 2.5). 
Numerical simulations of circulation in this basin show that the Western Interior Seway 
was largely storn-dominated with wind induced net sediment drift to the south (Ericksen 
and Slingerland, 1990). Sediment that comprises this wedge was shed from the west from 
the Sevier Fold-and-Thrust Belt and to the south from the emerging Wind River Range 
(Figure 2.1) (Martinsen et al, 1999). This wedge includes the following formations (from 
a proximal to a distal position):  
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(1) Ericson Sandstone (Trail and Rusty Members) in southern Wyoming 
(proximal in Figure 2.6). 
(2) Iles Formation (exclusive of the Trout Creek Sandstone Member) in the Sand 
Wash Basin of North Colorado (Iles 1 to Iles 14 Sandstones) (medial in Figure 
2.6). 
(3) Muddy Buttes, Hygiene, and Carter Sandstones of the Pierre Shale in the 
Middle Park Basin of North Central Colorado (Figure 2.4 and distal in Figure 
2.6). 
These rocks were deposited in an approximately 3 my time-span between Cobban 
et al.’s (2006) ammonite zones Baculites perplexus complex and Exiteloceras jenneyi 
(Figure 2.4).  
Growth of the Clastic Wedge and Tectonic Setting 
The Iles Clastic Wedge exhibits a moderate sediment accumulation rate. This 
value (without decompaction), within the ammonite zones specified, is 0.14 m/ky 
(calculated as the arithmetic mean of the sediment accumulation rate for the thinnest and 
the thickest zones of the 3 my wedge). From proximal Ericson alluvium in La Barge area 
of west Wyoming to distal Hygiene marine sandstones near Kremmling, Colorado 
(Figure 2.1), the 3rd-order wedge shows basinward growth of approximately 450 km 
(280 miles), a progradation rate into the Western Interior Seaway of some 150 m/ky. This 
is a minimum distance as it excludes a “covered” proximal area back to the thrust belt, 
and an eventual distal continuation of the wedge east of the Front Range, in the Denver 
Basin.  
The 3rd-order Iles Wedge was deposited during a time of decreased overall 
tectonic activity in the fold and thrust belt to the west and decreased regional basin 
subsidence (Devlin et al., 1993), though the progradational distance of the wedge was 
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much greater than the earlier thrust-related wedges (Liu et al, 2005). Subsidence during 
this time interval was interrupted by at least one period of local basement-involved uplift 
(Rock Springs Uplift in Figures 2.1 and 2.2) which resulted in an unconformity at the 
base of the Trail Member (Devlin et al., 1993) (Figures 2.3 and 2.4). This unconformity 
eroded through three of the wedge’s (the oldest) internal sequences in the northwestern 
part of the study area (western Sand Wash Basin and Washakie Basin) and triggered a 
basinward shift in facies (regression) up through the Trail Member (Figures 2.3 and 2.4). 
This regression can also be seen to the north in the correlative youngest portion of the 
Allen Ridge Formation in the Hanna Basin (Gill et at., 1970) (Figure 2.4). 
METHODOLOGY: LARGE SCALE CORRELATION AND HIGH FREQUENCY 
SEQUENCE STRATIGRAPHY 
Outcrop Sections and Well Data 
The dataset used in this work consists of 26 well logs and 12 outcrop-measured 
stratigraphic columns (Figure 2.2 and Appendix 2.1). Well log information includes 
conductivity and gamma-ray records, where available, or resistivity and spontaneous 
potential data. Log information was either downloaded from the Colorado and Wyoming 
Oil & Gas Conservation Commissions (http://oil-gas.state.co.us/ and 
http://wogcc.state.wy.us/) or facilitated by MJ Systems. The outcrop information used in 
this work is a compilation of data collected by the first author, Masters (1965), Izett et al. 
(1971), and Crabaugh (2001). This information was assembled to produce a 300 km (190 
mi) stratigraphic transect that originates on southeast Rock Springs Uplift, and crosses 
the Washakie, Sand Wash, and Middle Park basins (Figure 2.1). 
Transect Datum 
The component well logs of the transect were calibrated to a common datum, the 
Asquith marker in the Lewis shale (Asquith, 1970; Pyles and Slatt, 2000; Carvajal and 
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Steel, 2006) located some 600 m (1968 ft) above the top of the Iles Clastic Wedge in the 
southeastern part of the transect and 300 m (984 ft) in the northwestern zone (Figure 2.3). 
Another electric log marker, the Yampa ash bed just above the Trout Creek Sandstone in 
the lower Williams Fork Formation (Brownfield and Johnson, 1986) is present in the 
Sand Wash Basin segment of the transect. This marker lies about 100-150 m (328-492 ft) 
above the maximum flooding surface marking the top of the Iles Wedge in the 
southeastern part of the transect. The Yampa marker, where present, mimics the ups and 
downs of the interpreted maximum flooding surface within the Iles Wedge (Appendix 
2.1). Even though the Yampa marker can be considered a better datum due to its vertical 
proximity to the study interval, it could not be used as a regional datum, because it is only 
present in Sand Wash Basin. 
Transect Zones 
For analysis convenience, the transect was divided into proximal, medial, and 
distal zones (Appendix 2.1). The proximal zone is the segment where the main transport 
agent was fluvial (proximal I) or estuarine (proximal II), without the presence of open 
marine sediments. The medial zone is defined by the presence of wave-influenced deltas 
or other shorelines. The distal zone is located in the most basinward position and is 
characterized by the predominance of shale intervals with the appearance of isolated tide-
influenced deltaic sandstones.
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Figure 2.1. Regional map of S Wyoming and N Colorado showing the present-day configuration 
of the Laramide basins. During Campanian deposition these basins were part of a 
single Western Interior Basin. The study basins are depicted in black (modified 
from Dickinson, 1988). The research transect (approximate location shown by gray 
line) starts in the southeastern part of the Rock Springs Uplift and crosses the 
Washakie, Sand Wash, and Middle Park basins. The white squares represent the 
locations where ammonite species used for biostratigraphy were collected and 
identified by different authors (see Figure 2.4). 
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Figure 2.2. Index map showing the location of the study transect, outcrop belts of correlative 
rocks in the Iles Clastic Wedge (Izett et al., 1971; Love and Christiansen, 1985; 
Tweto, 1979), stratigraphic columns, and drill holes. The transect was constructed 
from geophysical logs and projected vertical profiles. Description of numbered and 
lettered localities are in Table 2.1. Vertical profiles lettered K and L are part of a 
composite stratigraphic column. 
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Figure 2.3. Cross section showing the Iles 3rd-order wedge. In the northwestern zone the wedge is bounded on top and bottom by 
regional erosion surfaces (in black). In the southeastern zone the wedge is bounded by 3rd-order maximum flooding 
surfaces (Surface I and Surface IV in blue). Probable position of deltaic/shoreface deposits east of Fish Creek, in yellow, 
bounded by dashed lines, from Masters (1965). The localities named in the top of the diagram were projected into the 
transect. This transect depicts real distance between wells, whereas the stratigraphic columns were projected at 
approximately right angles into the transect. See Figure 2.2 for geographic location of the well logs and vertical profiles. 
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Figure 2.4. Stratigraphy of the study area and neighboring basins from proximal (W. Washakie 
Basin) to distal reaches (Middle Park Basin). The ammonite zone column is taken 
from Cobban et al. (2006). The zonation is well constrained by 40Ar/39Ar 
radiometric datings presented in the same work and from Baadsgaard et al. (1993), 
and Izett et al. (1998). The black dots represent positions of collected and identified 
ammonite samples, which help to constrain the age of the Iles Clastic Wedge (see 
Figure 2.1 for geographic locations of samples). The top and bottom limit of each 
ammonite zone is inferred and was placed to create equi-spaced ammonite zones 




Figure 2.5. Paleogeographic map of the Late Cretaceous Western Interior Seaway (75 my) 
(Modified from R. Blakey, North American Paleogeographic maps, 
http://jan.ucc.nau.edu/~rcb7/namK75.jpg). The red square marks the study zone. 
Black arrows show the circulation in the western coast of the seaway (Ericksen and 
Slingerland, 1990). 
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Figure 2.6. Overview of the Iles Clastic Wedge. Photos show representative outcrop locations in the proximal, medial, and distal 
reaches of the wedge. Insert to the right shows the approximate location of a transect (red line) connecting these three 
locations. Photos courtesy of R. Steel.
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Vertical profile ID Section Township Range Measured by 
Pipeline Canyon A 20 16 N 102 W Gomez (this study) 
Mudsprings Ranch B 32 16 N 102 W Gomez (this study) 
Highway 13 C 8 5 N 91 W Crabaugh, 2001; Gomez (this study) 
Castor Gulch D 15, 21 5 N 91 W Crabaugh, 2001; Gomez (this study) 
Jeffway Gulch E 16, 21 5 N 90 W Crabaugh, 2001; Gomez (this study) 
Berry Gulch F 29, 31 5 N 89 W Crabaugh, 2001 
Hayden Gulch G 12, 13 4 N 89 W Crabaugh, 2001; Gomez (this study) 
Fish Creek H 10, 11 4 N 87 W Crabaugh, 2001; Gomez (this study) 
North Kremmling K 12 3 N 81 W Izett et al, 1971 
North Kremmling K 8, 18 3 N 80 W Izett et al, 1971 
South Kremmling L 7, 33 1 N 80 W Izett et al, 1971 
      
Low quality outcrop ID Section Township Range Measured by 
information           
Oak Creek I 31 4 N 85 W Masters, 1965 
Yampa J 10 2 N 85 W Masters, 1965 
      
Well name ID no. Section Township Range  
Brady Deep 47F 1 3 16N 101W  
Wanner - GOVT 1 2 25 15N 102W  
Kent Ranch Unit II2 3 18 14N 101W  
58-24 Unit 1 4 24 14N 101W  
Chicken Springs 33-3 5 30 14N 100W  
Kinney Unit W-14726 6 18 13N 99W  
GOVT Unit 1-6 7 6 12N 99W  
Shell Creek 44-27  8 27 12N 99W  
Powder Wash Deep Unit 9 29 12N 97W  
FLB Unit 23-2 10 23 10N 94W  
Government 13-1 11 13 10N 94W  
Clara Sturman Estate 12 23 8N 92W  
Thomas G Dorough - G 13 3 7N 92W  
Government 1 14 18 7N 91W  
Zimmerman/Chamberlin 15 4 6N 91W  
State   15-2 16 15 6N 91W  
Trapper Mine 1-31 17 31 6N 90W  
State   30-1 18 30 6N 89W  
CO ST  1-16 19 16 6N 89W  
Temple   1-22 20 22 6N 89W  
Dry Creek  31-1AHD 21 31 6N 88W  
Dry   0-28-6-88 22 28 6N 88W  
Dry Creek  34-4 23 34 6N 88W  
Grace   1-27 24 27 6N 87W  
Roche   23-5 25 23 5N 87W  
Fish Creek  6-36 26 36 5N 87W  
Table 2.1. Geographic location of the measured vertical profiles and well data used in this study. 
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SURFACES THAT CONSTRAIN THE 4TH-ORDER SEQUENCE 
CORRELATION 
One of the objectives of this paper is to improve our understanding of the nested 
4th-order sequences present within a large 3rd-order wedge. This knowledge is key in 
frontier oil and gas exploration when assessing sand and mud distribution within each 
regressive and transgressive systems tract of sequences. These sequences have been 
correlated across several hundred kilometers using outcrop and subsurface data. Outcrop 
and subsurface correlations are constrained by the use of stratigraphic surfaces and 
ammonite-zone information as described below. 
Stratigraphic Surfaces 
Within the wedge there are four stratigraphic surfaces that can be correlated 
confidently throughout the regional transect. These constrain the correlation at the 3rd-
order scale, and also minimize error for correlations at a 4th-order scale. These horizons 
are fairly easy to identify in the well logs and delineate a stratigraphic facies change from 
the rocks underneath to the rocks above, making them very useful for calibrating well 
logs with the outcrop sections. These surfaces are from oldest to youngest: Surface I, 
Surface II, Surface III, and Surface IV (Appendix 2.1), as described below. 
Surface I is the maximum flooding surface at the base of the Iles Clastic Wedge. 
It occurs within the shales below Iles I shoreline (Figure 2.3), and marks a flooding level 
above the mud-dominated section containing the isolated Morapos and Mancos 
sandstones (Hampson et al., 2008) (Figures 2.4 and 2.7A). This maximum flooding 
surface becomes eroded to the northwest by Surface II a 4th-order depositional sequence 
boundary (Mitchum et al, 1977) (Figure 2.3 and Appendix 2.1) that deeply erodes the 
oldest 3 sequences of the wedge (Iles 1-3) in the proximal area (Figures 2.3 and 2.4).  
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Figure 2.7. Detailed view of zones where surfaces I through IV are well defined. (A) Surface I is a maximum flooding surface that 
marks the change from sequences characterized by low sand/mud ratios below to sequences with higher ratios above. (B) 
Surface III is the 3rd-order sequence boundary of the Iles Clastic Wedge. In the medial shoreline zone, it bounds thick 
regressive deltaic sandstones below from thin transgressive deltaic sandstones above. (C) Surface III in the proximal zone 
marks a basinward shift in facies from amalgamated fluvial sandstones of the Trail Member below to semi-amalgamated, 
then to single storey tidal-fluvial/estuarine channels of the Rusty Member (see the higher proportion of muddy facies 
with high gamma-ray values in between channels above surface III as compared with the low proportion of muddy facies 
underneath the surface). (D) Surface IV is the upper maximum flooding surface of the 3rd-order wedge characterized by a 
high gamma-ray and high conductivity pick at the base of the Mancos Shale. (E) Surface II is an unconformity 
represented in the proximal zone by a basinward shift in facies, from deltaic deposits of the Rock Springs Formation 
below it to amalgamated fluvial channels of the Trail Member of the Ericson Sandstone above it. 
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Figure 2.7. Continued. 
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Approximately 500 m (1640 ft) of strata was eroded along this boundary in the 
Rock Springs Uplift area (Devlin et al., 1993). This unconformity marks an important 
basinward shift of facies, especially in the proximal (northwest) reaches of the system, 
where deltaic sandstones of the Rock Springs Formation are abruptly overlain by 
amalgamated fluvial sandstones of the Trail Member of the Ericson Sandstone (Roehler, 
1987) (Figures 2.4 and 2.7E). Surface III, on top of Iles 10, is a sequence boundary and 
regression-transgression turnaround that marks the culmination of progradation 
(maximum regression) of the entire Iles Wedge (Figure 2.3), and is overlain by thinner 
backstepping shoreline deposits (Figure 2.7B). This surface is represented in the most 
proximal reaches of the system by a facies change from the highly amalgamated fluvial 
channel sandstones of the Trail Member to alternating incised valleys filled with 
multistorey estuarine channel sandstones and delta-plain, single storey channels of the 
Rusty Member of the Ericson Sandstone (Martinsen et al., 1999) (Figure 2.7C). This 
facies change indicates a shift from a regressive, sand-prone setting to a transgressive, 
muddier succession reflecting an increase in the accommodation to sediment supply ratio, 
commonly seen along regression-transgression turn-around levels (see also Martinsen et 
al., 1999). In the distal reaches of the system this surface correlates to the base of the 
Hygiene Sandstone (Figure 2.3), marking a basinward shift in coastal onlap. This 
basinward shift in coastal onlap together with the incised valleys developed above this 
surface in the proximal zone, indicate that this surface also represents a sequence 
boundary. Surface IV, the maximum flooding surface marking the top of the Iles Wedge 
is a high gamma ray, high conductivity pick (Figure 2.7D) at the base of the Mancos 
Shale, just below the Trout Creek Sandstone. This surface also becomes eroded to the 
northwest by a prominent regional unconformity on top of the Trout Creek Sandstone, 
which connects to the base of the Canyon Creek Member of the Ericson Sandstone to the 
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northwest (Figure 2.4). This erosion surface is called the Pine Ridge-Ericson 
unconformity (Martinsen, 1994) which erodes parts of the Rusty Member of the Ericson 
Formation in the Washakie Basin (Devlin et al., 1993), and the Allen Ridge and Rock 
River formations in the neighboring Hanna and Laramie basins respectively (Roehler, 
1990) (Figure 2.4). 
The four key surfaces described above constitute the stratigraphic framework of 
the study transect and provide confidence for the correlation of 4th-order sequences 
above and below them. In fact, as can be observed in Appendix 2.1, there are 3-5 
interpreted 4th order sequences between each surface, which does not give much room 
for error. Despite this confidence there is still likely to be some error (± 1 sequence) 
associated with the correlation, due to high-frequency autocyclic shifting and consequent 
thickness changes within individual 4th-order sequences. This will be the case especially 
where the transect runs obliquely to the depositional-dip direction. 
Ammonite Zones 
The dating scheme used in this study is the ammonite-based Campanian timescale 
for the Western Interior Seaway succession (Figure 2.4). For long correlations, 
ammonites are much more reliable than other stratigraphic indicators like foraminifera. 
Foraminifera in the Western Interior Seaway are mainly benthic, susceptible to 
environmental changes, and evolved more slowly than ammonites (Caldwell et al., 1993). 
This time scale is based on the ammonite zonation of Cobban et al. (2006) (Figure 2.4), 
which is well constrained by 40Ar/39Ar isotopic ages (Baadsgaard et al., 1993; Izett et 
al., 1998; Cobban et al., 2006) with an error bar between 0.1 and 0.5 my (Baadsgaard et 
al., 1993; Izett et al., 1998; Cobban et al., 2006). In addition, ammonite species evolved 
at a rate of a zone per 0.7 to 0.3 my (Obradovich, 1993; Krystinik and DeJarnett, 1995), 
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providing the potential to date 4th-order, high-frequency sequences within the larger 3rd-
order wedge.  
The 3rd-order regressive-transgressive Iles Wedge (Figure 2.3) spans the 
ammonite zones Baculites gilberti to Exiteloceras jenneyi, a time interval of ca. 3 my (see 
below) (Figure 2.4), and there are three main ammonite-zone determinations that give us 
confidence in the correlation. These ammonite zones correspond to some of the 
stratigraphic surfaces described above, which are easy to identify and convenient when 
trying to date well log intervals that lack ammonite data. These are: 
Base of wedge (Surface I) 
Through the study area, the base of the wedge is within the Baculites perplexus 
complex zone, which from oldest to youngest spans three normal ammonite zones: 
Baculites perplexus (early), Baculites gilberti, and Baculites perplexus (late) (Figure 2.4). 
In the Sand Wash Basin, Baculites gilberti is found in the Iles 1 Sandstone (also called 
Loyd Sandstone) (Izett et al., 1971), just above the marine shale that defines the 
maximum flooding surface at the base of the Iles Clastic Wedge (Surface I above) 
(Figure 2.4). This species is also found a few tens of meters below the Muddy Buttes 
Sandstone in the Middle Park Basin (Izett et al., 1971). 
In the western part of the study area (Washakie basin) there are no ammonite 
species documented, but they can be found in correlative intervals in the neighboring 
Hanna and Laramie basins. In the western Hanna Basin (Figure 2.4), within the upper 
unnamed member of the Haystack Mountains Formation, just below the Allen Ridge 
Formation, the base of the clastic wedge is defined by the presence of species of the 
Baculites perplexus complex (unidentified form) (Gill et al., 1970) (Figure 2.4). The 
lower Allen Ridge Formation is time-equivalent to the Trail member of the Ericson 
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Sandstone, which lies just above a regional erosion surface that defines the base of the 
Iles Clastic Wedge in the proximal zone (Surface II above).  
Regression-transgression turn-around of the wedge (Surface III) 
The regression-transgression turn-around surface or surface of maximum 
regression (Surface III above) is believed to be located within the ammonite zone 
Baculites scotti that was identified by Izett et al. (1971) in the Hygiene Sandstone in the 
Middle Park Basin (Figure 2.4). The base of the Hygiene Sandstone is marked by a 
correlative conformity that corresponds to the level of maximum regression of the 3rd-
order wedge. The correlative conformity correlates to the northwest to the sequence 
boundary on top of Iles 10 sandstone in the medial zone of the transect (Figure 2.3) and 
to the top of the Trail Member of the Ericson Sandstone in the proximal reaches of the 
transect (Figure 2.4). The sequence boundary also marks the top of the easternmost 
development of marine sandstones in the medial zone (Surface III in Figure 2.3). 
Top of the wedge (Surface IV) 
The top of the wedge, a 3rd-order maximum flooding surface (Surface IV above), 
is preserved in the easternmost parts of the study area (Sand Wash and Middle Park 
basins), whereas it gets eroded by the Pine Ridge-Ericson unconformity to the west 
(Washakie Basin and neighboring Hanna and Laramie basins) as described above (Figure 
2.4). Different ammonite zones therefore mark the preserved uppermost portion of the 
clastic wedge across the different basins. 
In the Middle Park Basin, the wedge-capping maximum flooding surface lies 
within the Exiteloceras jenneyi zone (Izett at al., 1971) above the top of the Carter 
Sandstone (Figure 2.4). In the Sand Wash Basin it is near the base of the Mancos Shale 
below the Trout Creek Sandstone (Bass et al., 1955). In the Rock Springs Uplift area, in 
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the western part of the transect, the youngest preserved strata of the Rusty Member in this 
zone, are interpreted to occur in the Didymoceras nebrascense zone (Gill et al, 1970) 
(Figure 2.4), based on the correlation of this rock unit with the upper unit of the Allen 
Ridge Formation in the Hanna Basin (Devlin et al, 1993). 
3RD- AND 4TH-ORDER SEQUENCE STRATIGRAPHY 
Picking the 4th-Order Sequences 
The picking of high resolution (4th-order) sequences across several hundred 
kilometers of the Western Interior Seaway was a challenging task. Because it was 
generally easier to pick maximum flooding surfaces than erosive sequence boundaries in 
well logs, and because these same flooding events in more proximal outcrop areas could 
be picked by the occurrence of brackish-water trace fossils and tidal signals, I adopted a 
modified genetic sequence approach (Galloway 1989). In this study sequences are 
bounded by surfaces that mark a period of maximum marine flooding (Appendix 2.1) and 
contain within them a surface that marks subaerial unconformity. The former surface is 
named in this study maximum flooding surface (mfs) whereas the latter surface is called 
sequence boundary (SB). This choice, where the sequence has a regressive-to-
transgressive structure, also has the advantage that it mirrors our clastic wedge approach 
at 3rd-order (Figure 2.3). The study developed from the systematic recognition of 4th-
order regressive-transgressive sequences in outcrop and well data, and this became the 
foundation for high-resolution correlation from proximal to distal reaches of the system. 
The regressive-to-transgressive units are some 20-100 m (65.6-328 ft) thick 
(Appendix 2.1 and Figures 2.7 and 2.8), and are very obvious along the ca. 90 km length 
of the medial reaches of the transect where marine shorelines are developed (Figure 2.8). 
In the medial-to-proximal reaches of the transect, sequence picking was more difficult, 
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but the outcrop recognition of brackish-water and tidal influence within the finest-grained 
intervals, corresponding to the marine flooding zones farther east, greatly facilitated the 
sequence correlation (Figure 2.8).  
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Figure 2.8. Rationale for stratigraphic surface picks in the proximal I, proximal II, medial, and 
distal areas of the system, accompanied by facies examples. SB=sequence boundary 
(red line), CC=correlative conformity (red dashed line), mfs=maximum flooding 
surface (blue dashed line). The position of the well logs from proximal to distal 
reaches is marked by frames 1-4 respectively in Appendix 2.1. For field location of 
the pictures see Table 2.1 and Figure 2.2. Because we do not have well logs in the 
distal zone, the well log example shown for this zone does not belong to the Iles 
Wedge, but to the Mancos Shale underneath it. The sandstones present in the 
Mancos Shale are also distal in nature. 
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Figure 2.8. Continued. 
Facies in proximal I reaches of the sequences 
The thickness of the 4th-order sequences in proximal areas is commonly 20-75 m 
(65.6-246 ft) (Appendix 2.1) and exhibits from base to top: (1) thin coastal-plain 
mudstones, sometimes containing brackish-water traces, representing the basal maximum 
flooding surface, if preserved from overlying erosion, (2) erosively based (sequence 
boundary) coarse-grained fluvial or estuarine channels, frequently with Teredolites 
borings (brackish-water) in wood fragments, (3) coastal-plain heterolithic channel bars 
and mudstones containing the top-of-the-sequence maximum flooding surface, with 
occasional thin zones of the brackish-water trace fossils like Teichichnus (Figures 2.8 and 
2.9). 
Facies in proximal II reaches of the sequences 
In this zone the thickness of the sequence ranges between 25 and 80 m (82 and 
262.4 ft) (Appendix 2.1). Here the sequence is represented from base to top by: (1) tidally 
influenced coastal-plain mudstones and sometimes by upward-coarsening bay-head delta 
sandstones overlying the maximum flooding surface, (2) erosively-based (sequence 
boundary) tidal-fluvial or estuarine channels, and (3) coastal-plain mudstones with 
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brackish water traces, containing the capping maximum flooding surface (Figures 2.8 and 
2.9). 
Facies in the medial reaches of the sequences 
The thickness of the sequence in the medial reaches generally ranges between 20 
and 95 m (65.6 and 311.6 ft) (Appendix 2.1). In this zone the sequence is characterized 
by (1) dark marine shales containing the maximum flooding surface, (2) upward-
coarsening to blocky, marine delta-front sandstones with wave-generated sedimentary 
structures, sometimes modified by tidal currents that pass laterally into prodelta shales, 
(3) erosively based (sequence boundary) tidal-estuarine channels, and (4) brackish to 
marine mudstones containing the sequence’s upper maximum flooding surface or 
eventually a few meters of bioturbated, transgressive sandstone overlain by marine shales 
with the maximum flooding surface (Figures 2.8 and 2.9). 
Facies in the distal reaches of the sequences 
The sequence thickness here typically ranges between 70 and 115 m (229.6 and 377.2 ft). 
The 4th-order sequence in distal areas is composed of fairly sharp-based, bioturbated, 
upward-coarsening delta-front sandstones often with tidal signature, and with marine 
shale underneath and on their top (Figures 2.8 and 2.9). The sequence’s top and bottom 
maximum flooding surfaces develop in the fine-grained zones. 
Description of the Sequence Stratigraphy of the 3rd-Order Wedge and its Internal 
Sequences 
The surfaces and 4th-order sequence model discussed above helped to define the 
high-frequency regressive-transgressive cycles present inside the 3rd-order Iles Clastic 
Wedge. Among fourteen Iles sandstones I identified eleven 4th-order sequences (Figure 
2.3 and Appendix 2.2), named after the Iles sandstones they contain. Some of the thinner 
and less laterally persistent Iles sandstones, Iles 4-5 and Iles 7-9, were grouped together 
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into single 4th-order sequences. This was done because each of these sandstones and their 
genetically related mudstones were very thin (less than 20 m or 65.6 ft thick) and were of 
limited downdip extent (Appendix 2.2).  
The shorelines associated with each of these 4th-order sequences prograded and 
backstepped, with shoreline transit distances of up to 90 km (50 miles) within the larger 
clastic wedge (Appendix 2.2). Furthermore, during these high-frequency shoreline 
transits, marine influence reached up to 150 km (94 mi) landwards into the coastal-plains, 
as evidenced by both brackish-water and tidal indicators present as far back in the clastic 
wedge as southeast Rock Springs Uplift (Martinsen et al., 1999) (Figure 2.10). The 
basinward and landward movements of marine and brackish water facies occurred on an 
approximate time scale of some 200-400 ky (from ammonite zone evidence) (Figure 2.4), 
and preserved a regressive-to-transgressive thickness of 20-100 m (65.6-328 ft) per cycle 
(Appendix 2.1). 
The Iles 3rd-order clastic wedge can be divided into lower regressive (3rd-order 
regressive limb) and upper transgressive (3rd-order transgressive limb) zones separated 
by a 3rd-order sequence boundary (Surface III above). Appendix 2.2 shows a detailed 
architectural and correlation panel of the large clastic wedge, emphasizing the component 
4th-order sequences that will be discussed in detail below. 
3rd-order regressive limb of Iles Clastic Wedge (Iles 1 to Iles 10) 
The large-scale regressive limb of the Iles Wedge is composed by three 
progradational sub-zones, which are informal stacking patterns of the 4th-order 
sequences characterized by an overall basinward migration of the distal shoreline 
pinchout (Appendix 2.2). These progradational sub-zones are separated by two short-term 
transgressions, characterized by a short landward shift of the shoreline.  
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Figure 2.9. Cartoon showing the fourth-order sequence model from proximal to distal zones. 
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Figure 2.10. Interpretive map showing the location and orientation of Iles 4th order 
maximum landward and maximum seaward shorelines and location of 
brackish water and tidal indicators within the proximal Iles Wedge. Data 
constraining the orientation of the shorelines from this work’s transect (N 
Colorado) and Gill et al. (1970) (S Wyoming). 
The first sub-zone is a markedly progradational succession formed by wave-dominated 
deltaic sandstones (Crabaugh, 2001) in the medial reaches of the system and their 
equivalent prodelta and shelf shales distally. The deltaic sandstones are the Iles 
sandbodies1 through 3 (Appendix 2.2) in the Sand Wash Basin (Crabaugh, 2001). Iles 3, 
at its maximum progradational extent, is eroded by a capping 4th-order sequence 
boundary (Surface II above) that eventually cannibalized the proximal parts of Iles 2 and 
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1 as well (Appendix 2.2). This unconformity coincides with the base of the Trail Member 
of the Ericson Formation to the northwest (Appendix 2.2). In the distal zone, the Muddy 
Buttes is the only sandstone unit, which is broadly time-equivalent to Iles 1.This first 
progradational subzone is separated from the second progradational sub-zone by a 
flooding surface in the marine shale just below Iles 4 sandstone.  
The second progradational sub-zone is composed by Iles 4 through 6 (Appendix 
2.2), and is separated from the third progradational sub-zone by a prominent flooding 
surface in the marine shale just below Iles 7 sandstone.  
The third sub-zone in the 3rd-order progradational limb is formed by Iles 
sandbodies 7 through 11, where Iles 9 through 11 also represent the regressive-
transgressive turn-around zone of the large wedge. Because of a lack of control on the 
stratigraphy between Fish Creek (outcrop zone H in Figure 2.2) and Kremmling (medial 
to most distal reaches of the system) (Figure 2.2) due to the absence of quality outcrops, 
it is difficult to locate the exact position of the turn-around level. Nevertheless, after 
analyzing the transect in the medial zone, I suggest that Iles 10 is likely to represent the 
maximum progradation (see also Masters, 1965) because this sandbody is the one 
sandbody, the Hygiene Sandstone, in the distal zone, suggesting a rather important 
relative sea-level fall compared to the other sequences. Also, the turn-around level within 
the clastic wedge can be found at the sequence boundary that caps Iles 10 sandstone. This 
maximum regression level can be found to the southeast at the base of the Hygiene 
sandstone, in the Middle Park Basin (Appendix 2.2). 
The thick coastal-plain package deposited on top of Iles 10 sandstone 
(transgressive zone of Iles 10 sequence) (Appendix 2.2) suggests that perhaps the 
progradation of the wedge continued after Iles 10 and that Iles 11 could be a candidate for 
maximum regression and turn-around level. In that case, the turn-around level in the Sand 
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Wash Basin would be one 4th-order sequence younger than the turn-around level in the 
Washakie Basin, where this level is located at the boundary between the Trail and the 
Rusty members of the Ericson Sandstone (Appendix 2.2). Such diachronism of the turn-
around could be due to this transect not being exactly dip oriented, and showing the 
lateral complexity that occurs in natural depositional systems, where local supply 
differences cause transgression to occur earlier in one area compared to another along-
strike zone. These strike oriented departures in relative sea-level change can be currently 
observed in the Texas-Louisiana Gulf Coast, where transgressive wave-dominated 
estuaries like the San Antonio Bay (Donaldson et al., 1970; Dalrymple et al., 1992) and 
the Lavaca Bay (Wilkinson and Byrne, 1977; Dalrymple et al., 1992) coexist with the 
regressive Mississippi Delta (Wright, 1985). 
3rd-order transgressive limb of the Iles Wedge (Iles 10 to Iles 14) 
The backstepping part of the studied 3rd-order wedge is represented by sequences 
Iles 10 through 14 (Appendix 2.2). Above Iles 11 the system is aggradational with the 
accumulation of thick coastal-plain deposits. This is followed by a punctuated 
transgression of Iles 12 through 14. Above Iles 14 the 3rd-order maximum flooding 
surface occurs with the major marine incursion of Mancos Shale below the Trout Creek 
Sandstone (Appendix 2.2). Iles 13, one of the most prominent sandstones, is the only 
sequence that has a broadly coeval basinal shoreline, the Carter Sandstone of the Middle 
Park Basin (Appendix 2.2). Based on its basinal position, this sandstone tongue can be 
considered a high-frequency lowstand shoreline deposit (like the Hygiene) that prograded 
basinally by short-lived forced regression during the overall transgression of the wedge. 
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Sequence Stratigraphic Interpretation 
The sequences containing Iles 1-14 include regressive tracts that are considered to 
have been forced regressive, i.e. developed during slightly falling relative sea level 
because of the erosion developed on top of the shorelines and in zones coeval to the 
respective shorelines in an up-dip position (Appendix 2.2). Iles 4-10 sandstones show an 
overall progradational stacking with a well-preserved, coeval coastal-plain/estuarine 
succession in the up-dip areas of the transect, whereas Iles 10-14 show an overall 
backstepping stacking pattern (Appendix 2.2). However, particularly at the levels of Iles 
3, 6, and 9, significant valley incisions are present into both the coastal-plain and the 
shoreline-shelf segments (Iles sandstones) (Appendix 2.2). These valley incisions, 
interpreted from well log data as well as from outcrops (Crabaugh, 2001), strongly 
suggest periodic forced regression of the shorelines. In the distal zone there is also 
evidence for forced regression. The Muddy Buttes, Hygiene, and Carter Sandstones 
developed far into the basin (now the Middle Park Basin), broadly time-equivalent to Iles 
1, 10, and 13 respectively (Appendix 2.2), are interpreted as lowstand shoreline deposits. 
This interpretation is based on their distant basinal position.  
Origin of the Iles Wedge and Internal Sequences 
Large-scale Iles Wedge.  
There is general agreement that the Iles Wedge was driven by relief created along 
the fold-and-thrust belt (at a 3rd order time-scale) and erosion of that relief, and that the 
movement of Laramide basement-involved uplifts (e.g., Rock Springs Uplift) likely 
enhanced this (Devlin et al., 1993). However, it has been suggested that this clastic 
wedge (and several overlying) was not a direct response to thrusting, but was driven by 
large-scale isostatic uplift of the belt (DeCelles and Mitra, 1995; Liu et al 2005). It should 
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be noted that the volumes of sediment shed from the fold belt as clastic wedges by this 
mechanism is likely greater than the truly thrust-generated wedges. At any rate, origin of 
the Iles Wedge by major relief generation along the fold belt is additionally supported by 
east- and southeast-directed paleocurrent measurements collected in the proximal fluvial 
and estuarine channels of the Ericson Formation (Martinsen et al., 1998; Martinsen et al., 
1999) and in the distributary channels in the Iles Sandstone (Crabaugh, 2001), indicating 
east and southeast flowing rivers. These rivers clearly flowed out from the areas shown 
independently to have been uplifted. This, together with the (1) coarsening sediment 
trend and the development of multiple unconformities towards the fold belt (Devlin et al 
1993; Pedersen and Steel, 1999) and (2) the presence of proximal conglomerates in a co-
eval clastic wedge just south of the study area (Horton et al., 2004) confirms the 
importance of upstream controls on wedge development. In addition to the tectonic 
driver, downstream control (sea level) may well have contributed as explained below. 
The Iles Wedge is analogous in its dimensions, geometry, and time scale to tectonic 
wedges emanating from many orogenic belts (Heller et al., 1988; Flemings and Jordan, 
1990). There is still some disagreement as to whether the peak tectonic influence is co-
eval with the lower fine-grained (e.g., Blair and Bilodeau, 1988; Heller et al., 1988) or 
upper coarse-grained part of such wedges (e.g., Burbank et al., 1988; Marzo and Steel, 
2000), though these opposing viewpoints may be partly due to whether supply- or 
accommodation-drive dominated wedge outgrowth in different basins (Marzo and Steel, 
2000).  
Besides tectonic mechanisms, eustasy can also be considered as a mechanism that 
could have helped drive the growth of the 3rd-order wedge, not least because the signals 
of repeated transgression can be seen far back into the body of the wedge. Signals of 
duration <1 my and >25 m eustatic sea-level change have been postulated in the Late 
 42
Cretaceous to Early Eocene strata of the New Jersey shelf margin, and these have been 
attributed to the formation of ephemeral ice sheets in Antartica during periods of 
Milankovitch peak insolation (Miller et al., 2004; 2005). For the study time-interval there 
is some match of the New Jersey eustatic sea-level curve with the regressive-to-
transgressive geometry the Iles Clastic Wedge, though I might argue that this is due to 
continued high sediment supply from the fold-and-thrust belt and the Wind River Range. 
The 3rd-order Iles Wedge is likely to be a product of combined fold-belt uplift and 
eustatic change. 
4th-order Base-Level Changes. 
Within the Iles Wedge, the short time scale (200-400 ky), 4th-order sequences 
(20-100 m in thickness) could have been driven by three main agents: tectonics, eustasy, 
and climate/sediment supply. The general role of tectonics in the generation of the entire 
Iles Clastic Wedge in the study foreland basin is evident. However, the long time-scale 
(my) at which tectonic processes commonly work (Heller et al., 1988) and over which 
they are normally modeled (Flemmings and Jordan, 1990) make a tectonic model less 
appropriate. Eustasy is more attractive because such sea-level changes occur at a shorter 
time scale (few 100 ky, Milankovich cycles).  
Based on Milankovitch forcing, Matthews and Frohlich (2002) calculated a 
Cretaceous sea level/ice volume curve for the Cretaceous, where the dominant 
periodicities are 2.4 my and 405 ky long eccentricity cycles. The latter cycle was 
acknowledged by Laskar et al. (2004) (who computed the insolation quantities of the 
earth for the last 250 my) as the most stable frequency of the orbital solution for the last 
100 my. These 405 ky cycles provide some match with the 200-400 ky time-span of the 
sequences found within the Iles Clastic Wedge, suggesting that the 4th-order cycles could 
have been driven by glacio-eustasy.  
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However, a problem with a eustatic explanation for the Iles 4th–order sequences 
is the relative small amplitude of the Campanian sea-level changes (likely to have been 
few tens of meters at most) (Miller et al., 2004). These small changes may not be enough 
to produce the large shoreline transits (up to 90 km) recorded in the Iles succession, 
unless the regression and transgression occurred across a very low gradient coastal plain 
and shelf. The great basinward extent of the regressive transits and the extraordinary 
landward extent of brackish-water and tidal signals may provide some evidence that these 
gradients were indeed extremely low. Sediment supply change triggered by climate 
cycles is a third possible driver that could perhaps explain the 4th-order sequences in the 
study area. Various studies have documented Milankovitch-induced climate change 
cycles with different periods of cyclicity during the Cretaceous. In the Western Interior 
Basin, Kauffman (1986) interpreted cool/wet-warm/dry couplets, characterized by 
increased rainfall and internal drainage into the basin (implying higher sediment supply) 
and reduced runoff and sediment supply respectively (Kauffman, 1988). These cycles 
showed periodicities of 21 ky, probable 41 ky, and ca. 100 ky suggesting Milankovitch 
eccentricity forcing (Kauffman, 1986). In the case of the study area, Milankovitch orbital 
forcing could have produced alternations of wet/high sediment supply and dry/low 
sediment supply periods, which in combination with accommodation-producing 
subsidence, could have caused repeated regressive-to-transgressive cycles. However, in 
order to produce the proximal to medial incisions during the regression of each cycle 
some repeated tectonic uplift or at least periods of greatly reduced subsidence would be 
required. In conclusion, all the three drivers are likely to have influenced the 4th-order 
sequences, though I suggest that eustasy was the main contributor. 
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Analogy with Growth of Holocene Deltas 
The complex internal configuration of the studied high-frequency sequences can 
be compared with the irregular spatial growth pattern of modern and Holocene shallow-
water deltas (e.g., Coleman et al., 1991; Galloway, 2001; Anderson et al., 2004). These 
deltas build lobes and sub-lobes while at the same time prograding irregularly across their 
shelves on 4th-order time scales (Burgess and Hovius, 1998; Muto and Steel, 2002). The 
analogy is reasonable because I can see such repeated basinward-landward cross-shelf 
transits over correlation distance of 90 km in the medial reaches of the studied 
stratigraphy. 
However, within the 4th-order cycles, shorter time-scale autogenic processes 
(Muto and Steel, 1992, 1997; Muto et al 2007) were clearly also important for higher 
frequency channel avulsions in the proximal reaches of the system and for lobe and sub-
lobe switching of the deltas farther basinwards. This type of autocyclic lobe switching is 
well known in the Holocene Mississippi Delta system, with average lobe avulsion rates of 
1,500 years (Coleman, 1988) and average accumulated lobe thickness up to 35 m (114.8 
ft). The implication for the Iles 4th-order cycles is that they contain multiple delta lobes 
and sub-lobes overlapping or partially stacked on each other. The degree of complexity 
within the 4th-order cycles reflects this lobe shifting and stacking and accounts for the 
internal Iles sandstone thickness variation as I move laterally along depositional strike 
direction. This phenomenon is especially evident in the transgressive part of the Iles 
Wedge (Iles 11-14), where the Iles sandstones recognized in well logs thin out or 
sometimes pinch out completely along strike and are poorly exposed or absent in the 
outcrop (Figure 2.11). 
Since many of the Iles Wedge internal sequences can be identified in the 
neighboring Hanna and Laramie basins (Gill et al., 1970) (Figure 2.4), I have some 
 45
confidence that the 4th-order cross-shelf cycles are driven primarily by unsteadiness in 
the external driver, and that the autogenic processes are most relevant to the great 
variability seen within 4th-order sequences. 
Figure 2.11. Thickness change along strike for Iles sandstones in the (A) Castor Gulch 
area and (B) Fish Creek area. This thickness change is especially evident in 
the transgressive part of the wedge (Iles 11-14), where the Iles sandstones 
recognized in the well logs thin out laterally (Iles 12 in Figures 2.11A and 
B) or pinch out completely (Iles 11 in Figures 2.11A and B and lower part 
of Iles 13 in Figure 2.11B). 
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SEDIMENT PARTITIONING WITHIN THE ILES CLASTIC WEDGE 
Methodology: Sediment Partitioning Estimation 
Each of the eleven 4th-order sequences analyzed within the Iles Clastic Wedge 
was divided into a lower regressive and upper transgressive compartment (Figure 2.12). 
The regressive compartment is bound at its base by a 4th-order maximum flooding 
surface and on top by a 4th-order sequence boundary. Above the latter surface the 
transgressive systems tract was deposited, though I acknowledge that there may be some 
fluvial deposits lying just above the sequence boundary in the proximal zone, 
representing the initial filling of incised valleys during ‘lowstand’ periods (see also Blum 
and Törnqvist, 2000). Since I can not distinguish such lowstand deposits from 
transgressive ones on the well logs, I grouped these together for convenience in our 
sediment budget estimation. 
At the same time, each of the 4th-order sequences was divided spatially into 
proximal and medial depositional zones (separated by the short bold black vertical lines 
in Appendix 2.2 and Figure 2.12). In each sequence, I estimated the 2-D cross-sectional 
area for the regressive (Ra) and transgressive (Ta) compartments, and for the depositional 
zones within these compartments I then calculated the Ta/Ra ratio for each of the 4th-
order sequences in their proximal and medial zones where possible (Figure 2.13). Also, 
for each sequence I estimated the thickness for each regressive and transgressive 
compartment from proximal to medial reaches. Then within each compartment I 
calculated the average thickness for each depositional zone (Rp,m: average thickness for 
the regressive compartment in the proximal and medial zone respectively; Tp,m: average 
thickness for the transgressive compartment in the proximal and medial zone 
respectively). Finally I calculated Rp/Rm and Tp/Tm ratios for each sequence (Figure 
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2.14). In this sediment partitioning analysis Iles 1-3 sequences where not included 
because their proximal zone is eroded. 
Results: Partitioning within Individual 4th-Order Sequences 
Figure 2.13 show that the Ta/Ra ratio decreases from the proximal to medial 
zones in the sequences of the regressive limb of the Iles Wedge (Iles 4 through Iles 10). 
This behavior can be observed in Figure 2.15A, which shows detail of the thinning of the 
transgressive compartment (Tt), thickening of the regressive compartment (Rt) and 
decrease of the Tt/Rt ratio from the proximal to medial reaches of Iles 7-9. Figure 2.15A 
also suggests that transgressive compartments are thicker than regressive compartments 
for approximately 175 km (109 mi) basinwards from the proximal zone. Farther 
basinwards, this relationship gets inverted, i.e., the transgressive compartment becomes 
thinner than the regressive compartment. These relationships cause the Tt/Rt ratio to 
become >1 landwards of the 175 km point, whereas it becomes <1 basinwards of this 
point (Figure 2.15A). Note that the boundary between the proximal and medial zones, 
inferred from lateral facies change in sequence 7-9, is only a few km away from this 175 
km point (Figure 2.15A). The same trends occur with sequences Iles 4-5 and Iles 6, 
indicating that during the 3rd-order regression, the 4th-order regressive tracts in the 
Western Interior Seaway tend to thicken basinwards towards the medial zone whereas the 
transgressive tracts thicken landwards. The same behavior can be observed in Figure 
2.14, where Tp/Tm is >1 for Iles 4-5, 6, and 7-9 (indicating that the transgressive 
compartment is thicker in the proximal zone as compared to the medial zone). For Iles 10 
this ratio is very close to 1 indicating similar medial and proximal transgressive 
thickness). Also Figure 2.14 shows that Rp/Rm is <1 for Iles 4-5, 6, 7-9, and 10 
(indicating that the regressive compartment is thicker in the medial zone as compared to 
the proximal zone). 
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Figure 2.12. Diagram showing 4th-order scale regressive and transgressive compartments within 
the transect from Rock Springs Uplift (WY) to Fish Creek (CO). The area between 
Fish Creek and Kremmling was excluded because of the relative lack of 
information. Note the cross sectional area contrast between regressive and 
transgressive systems tract and how it changes as we move from northwest to 
southeast. 
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Figure 2.13. Ta/Ra ratio for each of the 4th-order sequences in the proximal and medial reaches 
of the system. Ta/Ra values > 1 indicate that the transgressive compartment area is 
greater than its genetically related regressive compartment (proxy for thicker 
transgressive deposits). When Ta/Ra values are < 1, the transgressive compartment 
area is smaller than its genetically related regressive compartment (proxy for thicker 
regressive deposits). 
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Figure 2.14. Proximal-medial thickness ratio in the transgressive (Tp/Tm) and regressive 
(Rp/Rm) compartments of each successive Iles sequence. 
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Figure 2.15. Thickness of the transgressive and regressive compartments and Tt/Rt ratio along 
the transect for sequences Iles 7-9 (A) and Iles 13 (B). Y represents a vertical scale 
in meters, while X represents distance along the transect, measured from the most 
proximal tip of the transect. The black bold vertical line in each sequence drawing 
represents the boundary between proximal and medial depositional zones. 
 
 52
The described thickness change of the 4th-order regressive tracts is likely to have 
been driven by up-dip erosion and down-dip accumulation of sediment during falling 
relative sea level. Conversely, with increased accommodation during transgression, the 
landward-stepping depocenter is thin at its seaward tip but thickens as it diachronously 
backfills the previously eroded areas and aggrades above that level. There are, of course, 
limits to the seaward and landward thickening of both of the tracts, with ultimate absolute 
thinning at both ends. These same tendencies have been documented in other studies 
(Steel et al., 2000), and are implicit in the Exxonian ‘slug’ diagram for stratigraphic 
sequences (Haq et al., 1988). 
A qualitative examination of the sandstone/mudstone ratio or net-to-gross 
sandstone, which can be gleaned from Appendix 2.2, shows that the greatest 
accumulation of sandstones during regression is found in the medial zone of the system, 
forming wave-dominated deltas and in the most distal reaches depositing tide-influenced 
deltas (Figure 2.9). In contrast, the greatest concentration of transgressive sandstones is in 
the fluvial and tidal-fluvial/estuarine channels in the proximal I reaches of the transect 
(Figure 2.9). Transgressive sandstones in the medial areas tend to be few and thin (Figure 
2.9). 
The analysis of Figure 2.13 also shows that during 3rd-order transgression (Iles 
11-14) the sediment storage tendency departs from the partitioning model described 
above. This is also shown by Figure 2.15B, where I can see that for Iles 13, along most of 
the length of the transect, except between 130 to 167 km (81 to 104 mi), Rt is greater than 
the Tt (and therefore the Tt/Rt ratio is <1). The change from Tt/Rt <1 to Tt/Rt >1 does 
not match with the position of the proximal-medial zones boundary for Iles 13 (Figure 
2.15B). Furthermore, this match does not occur in any other sequence in the 3rd-order 
transgression, indicating that there is not a fixed partitioning tendency during this time, at 
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least not one that can be detected in a 2-D transect.. Figure 2.14 also shows that there is 
no fixed partitioning tendency during 3rd order transgression where sequences Iles 13 
and 14 follow the same trend found during 3rd order regression (regressive compartments 
thicken basinwards whereas the transgressive tracts thicken landwards inferred from 
Rp/Rm <1 and Tp/Tm >1 respectively) but Iles 11 and 12 fail to follow this trend. 
Results: Sediment Partitioning During Growth of the 3rd-Order Clastic Wedge 
Figure 2.13 shows the Ta/Ra ratios through time for the different spatial zones, as 
successive 4th-order sequences develop. The 3rd-order trend in the medial zone is a 
relatively steady to slowly rising value for the Ta/Ra ratio from Iles 1 to Iles 9, followed 
by a rapid rise for Iles 10. This is followed by a decrease in the Ta/Ra ratio shown by Iles 
10 to 14. The proximal zone displays a relatively flat curve followed by a rapid rise in the 
Ta/Ra ratio values up to Iles 7-9 and then a punctuated decrease from Iles 7-9 to Iles 14 
(Figure 2.13). 
The highest Ta/Ra values observed in Figure 2.13 (Iles 7-9 and Iles 10 in the 
proximal zone) are caused by the development of a thick cross section of proximal, 
coastal-plain deposits in the transgressive compartment of Iles 7-9 and Iles 10 (Appendix 
2.2).  
The average thickness dataset (Rp,m; Tp,m) was used to analyze the effectiveness 
of sediment partitioning (EOP) within individual sequences (Figure 2.16). EOP 
corresponds to the difference between Rp/Rm and Tp/Tm for each sequence The higher 
the difference between these values the greater the effectiveness of sediment partitioning. 
The effectiveness of sediment partitioning concept can be understood as how uneven 
sediment is distributed between proximal and medial reaches of the system, resulting in 
the wedge shape of each of the compartments as can be seen in Figure 2.12. Figure 2.16 
shows that there are four sediment partitioning tendencies as successive sequences built 
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the Iles Clastic Wedge. There is (1) an irregular but general increase in the degree of 
partitioning up to one of the most prominent shoreline series of the system, Iles 7-9 
within the regressive-transgressive turnaround zone, (2) there is a notably high value of 
partitioning associated with Iles 7-9, and (3) there is a punctuated decrease in partitioning 
effectiveness at the top of the regressive limb and within the transgressive limb (Iles 7-9 
to Iles 14) of the 3rd-order wedge.  
I suggest that the increasing compartmentalization during 3rd-order regression 
and the highest efficiency of the partitioning associated with Iles 7-9, in the turn-around 
zone, are associated with extra efficient erosion and bypass created by the 4th-order 
unconformities that can be seen to cap Iles 7-9 (Appendix 2.2). Down cutting in proximal 
reaches during regression causes bypass of sediment to build the time-equivalent 
shoreline and it also creates alluvial and coastal plain accommodation for sediments to 
accumulate during the subsequence transgression, therefore producing the observed 
distribution of sediment. This erosion and sediment bypass seem to reach a maximum 
when the progradation is maximum (in the regressive-transgressive turn-around zone). 
However, Iles 10, which represents the maximum progradation of the system, is not part 
of the increasing compartmentalization trend, and does not show the highest effectiveness 
of partitioning values that I would expect during maximum progradation. This could be 
related to the fact that most of the medial zone of this sequence was not analyzed, due to 
the lack of well log data and reliable stratigraphic columns east of Fish Creek (Figure 
2.2). 
Finally, the low values and decreasing trend of partitioning effectiveness for the 
sequences in the transgressive limb of the clastic wedge (Figure 2.16) suggest that 
sediment partitioning is least efficient when base level is rising and the depositional 
systems are backstepping.
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Figure 2.16. Effectiveness of sediment partitioning for the 4th-order sequences 4-5 
through 14. 
CONCLUSIONS 
The 3rd-order Iles Clastic Wedge spans ca. 3 my and can be subdivided into some 
eleven regressive-transgressive sequences of shorter time-scale (4th-order sequences). 
The latter reflect extensive (up to 90 km), repeated and mappable R-T transits of a delta 
complex across the study shallow-water shelf area, possibly driven mainly by eustasy at 
that time-scale, though modulated by subsidence and by sediment supply. These 
sequences are analogous with Holocene and older shelf deltas that are well documented 
to make repeated cross-shelf regressions, despite significant higher frequency autogenic 
lobe and sub-lobe shifting and channel avulsions during their regressive and transgressive 
transits. 
The methodology used for picking 4th-order sequences is simple and effective. It 
incorporates depositional processes and sequence stratigraphy and uses marine to 
brackish water flooding events to allow correlation from medial and distal shorelines to 
proximal estuarine and fluvial reaches of the system. Although I was able to recognize 
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these 4th-order cycles along a 300 km (187.5 mi) transect, there is increased correlation 
uncertainty towards the proximal reaches. 
The sediment partitioning analysis of the component 4th-order sequences within 
the regressive part of the larger wedge shows that their regressive compartments tend to 
thicken basinwards, whereas the genetically related transgressive compartments tend to 
thicken landwards. 
The general sediment budget model shows that the best net-to-gross section is 
found in the thickest parts of the regressive and transgressive compartments. During the 
development of 4th-order sequences, regression tends to preferentially erode or bypass 
sand from the proximal reaches of the system, and stores sand in medial and distal zones 
in deltaic sandbodies. On the other hand, transgression partitions sand preferentially into 
the previously eroded proximal areas, depositing sediments in fluvial and/or estuarine 
channels. 
The effectiveness of sediment partitioning or how uneven sediment is distributed 
between proximal and medial reaches of the system within 4th-order sequences, up 
through the larger Iles Clastic Wedge, reaches a maximum value near peak regression of 
the wedge, whereas this value decreases during transgression. The factors influencing the 
increasing effectiveness of compartmentalization during 3rd-order regression are the 
higher progradation rates and erosional bypass that occurs during regression, creating 
thicker medial and/or distal compartments. 
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CHAPTER 3: THE PROXIMAL REACHES OF THE ILES CLASTIC 
WEDGE: SEQUENCE STRATIGRAPHY, PALEOGEOGRAPHIC 
EVOLUTION AND FACIES ANALYSIS IN THE FLUVIAL TO 
MARINE TRANSITION 
ABSTRACT 
The proximal reaches of the Iles Clastic wedge in SW Wyoming were 
characterized using subsurface well logs and outcrop stratigraphic columns. This 
included facies evaluation and sequence stratigraphic analysis of the fluvial-to-marine 
transition and construction and interpretation of isopach maps to understand the role of 
local tectonics in the development of the wedge. An understanding of the complex 
estuarine systems in these proximal areas and their evolution through time can be of 
interest to oil and gas exploration, whereas an understanding of the role of tectonics at 
different time scales can improve our academic understanding of foreland basin deposits. 
The proximal reaches of the Iles Clastic Wedge display seven 4th-order sequences that 
show repeated transgressive backstepping of the Trail Member (Ericson Fm.) upper 
coastal plain across the alluvial plain, followed by repeated incision of the lower coastal 
plain (flood plain/tidal flat deposits) and transgressive backstepping of the Rusty 
estuarine system. The development of the larger-scale 3rd-order Iles Clastic Wedge was 
influenced by both tectonic (regional Sevier and local Laramide tectonics) and eustatic 
drivers, with especially important contributions from the tectonic component in these 
upstream reaches. Isopach maps indicate that the uplift now present in the study area 
(Rock Springs Uplift) was not a topographic ‘high’ at this time, but that it rather 
represented an area or zone of decreased Campanian subsidence, with uplift indicated by 
several major unconformities. It is likely that regional Sevier tectonic activity, delivering 
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this batch of sediments from the northeast, was the main driver of the Iles Clastic Wedge 
at a 3rd-order time scale. 
INTRODUCTION 
The main objectives of this part of the study was to characterize the deposits 
present in the proximal part of the Iles Clastic Wedge, especially the sediments in the 
fluvial to marine transition, specifically in the tidal/fluvial to estuarine zone. The 
interpretation of tide-influence or tide-dominated deposits is a difficult task given the fact 
that tidal energy does not vary in a simple way from fluvial to shoreline reaches and the 
complexity of channels and bars present in these depositional environments (Dalrymple 
and Choi, 2007). An improved understanding of these deposits is important, because tide-
influenced fluvial sandstones can hold important volumes of hydrocarbons, as in the 
McMurray Tar Sands in Canada (e.g. Ranger et al., 2005). Efforts of this type on the 
fluvial-tidal transition are typified by the work of Dalrymple and other authors (e.g. 
Dalrymple et al, 1992; Boyd et al, 2006; Dalrymple, 2006b; Dalrymple and Choi, 2007). 
The present work in this zone integrates depositional process information with sequence 
stratigraphic interpretation with the aim of understanding how transitional depositional 
environments changed laterally and evolved through time. 
This research also focuses on the assessment of tectonic influence during the 
growth of the Iles Clastic Wedge. The tectonic driver is especially important in the 
proximal reaches of the wedge, where regional Sevier thrust belt activity and local 
Laramide tectonics interacted during times of deposition of the Iles Clastic Wedge 
(Dickinson et al., 1988, Devlin et al, 1993; Krystinik and DeJarnett, 1995; Martinsen et 
al., 1999). The understanding of the role of both regional and local tectonics in the 




The theme in focus here is a study of the proximal reaches of the Iles Clastic 
Wedge in its western part (Rock Springs area) as well as the relationship to correlative 
shorelines to the east (Rawlins area) (Figure 3.1). 
In the western part of the study area the Iles Clastic Wedge is composed of the 
Trail (Smith, 1961; 1965) & Rusty Members (Hale, 1950) of the Ericson Sandstone that 
erosively overlie the Rock Springs Formation (Figure 3.2). The basal Trail unconformity 
marks an important basinward facies shift from deltaic and lower coastal plain deposits of 
the Rock Springs Formation to fluvial and tide-influenced fluvial deposits of the Trail 
Member. On the eastern flank of the Rock Springs Uplift ca. 500 ft of strata were 
possibly removed under the Trail unconformity (Devlin et al, 1993). The regressive Trail 
Member is separated from the overlying transgressive Rusty Member by the Iles Clastic 
Wedge sequence boundary that marks the maximum progradation of the 3rd-order wedge 
underneath it (Figure 3.2). The Rusty Member consists of estuarine sandstones and 
associated tidal-flat and marsh deposits. The top of the Rusty Member is truncated by the 
Pine Ridge-Ericson unconformity (Martinsen, 1994) underneath the Canyon Creek 
Member of Ericson Fm. (Figure 3.2). On the eastern flank of the Rock Springs Uplift ca. 
800 ft of strata were removed by the Canyon Creek unconformity (Devlin et al, 1993). 
In the eastern part of the study area and farther eastwards, repeated regressive-
transgressive shoreline units (co-eval with Iles shorelines in Sand Wash Basin) have been 
recognized by other authors in the Hanna and Laramie basins. Gill et al. (1970) mapped 
the clastic wedge progradation and backstepping of the uppermost Haystack Mountains 
Formation and up through the Allen Ridge succession (Hanna Basin). The backstepping 
is recorded by the marine shorelines in uppermost Allen Ridge (Figure 3.2). A similar 
large-scale progradation and backstepping can also be gleaned from the Rock River 
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(Laramie Basin) formation (Gill et al.,1970) (Figure 3.2). Note also the three older 
shorelines of the Iles Wedge that, in the Hanna Basin segment of Figure 3.2, are not 
present in the Washakie basin due to erosion by the Trail unconformity. These are the 
uppermost Haystack Mountains shoreline units, located above the Hatfield Member, that 
correlate to Iles 1-3 sandstones in northern Colorado. 
METHODS 
In this section detailed work around the Rock Springs Uplift and a subregional 
extension of this into southwestern Wyoming is presented (Figure 3.2). The data 
necessary for the study of the eastern flank of the Rock Springs Uplift was obtained from 
the Cooper Ridge, where 10 outcrop-stratigraphic columns were measured, 7 in Pipeline 
Canyon and 3 near Mudsprings Ranch (Figure 3.3).  
For the subsurface regional analysis I used 130 well logs and 13 stratigraphic 
columns (Figure 3.2). Well log information was downloaded from the Wyoming Oil & 
Gas Conservation Commission (http://wogcc.state.wy.us/), facilitated by MJ Systems, 
and obtained from the University of Wyoming, Rock Springs Uplift drilling program. 
Well log information consisted mainly of gamma-ray and conductivity records where 
available. Otherwise, spontaneous potential information was used instead of gamma-ray. 
The outcrop information used in this work is a compilation of data collected by the 
author, as well as by Roehler (1983), Roehler (1989), and Roehler and Hansen (1989). 
Where data from the latter three publications were used, this is acknowledged in figure 
captions. 
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Figure 3.1. Map showing the location of data used in this study of the proximal reaches of the Iles clastic Wedge. Transects shown in 
this chapter are depicted in red. 
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Figure 3.2. Stratigraphy of the proximal reaches of the Iles Clastic Wedge (Rock Springs uplift) 
in relation to neighboring basins from proximal (Washakie Basin) to intermediate 
(Hanna, Sand Wash basins) and distal reaches (Middle Park Basin). The ammonite 
zone column is taken from Cobban et al. (2006). The zonation is well constrained 
by 40Ar/39Ar radiometric datings presented in the same work and from Baadsgaard 
et al. (1993), and Izett et al. (1998). The black dots represent position of collected 
and identified ammonite samples, which help to constrain the age of different 
portions of the Iles Clastic Wedge (see Figure 3.1 in Chapter 2 for geographic 
location of samples). The top and bottom limit of each ammonite zone is inferred 
and was placed to create equi-spaced ammonite zones between two radiometric 















Figure 3.3. Map showing the location of Rusty/Trail member measured sections in the proximal 
reaches (on Rock Springs Uplift, southeast of the city of Rock Springs) of the Iles 
Clastic Wedge (green and red short lines). Red short lines correspond to sections 
included in the correlation of the Rusty Member (Appendix 3.1). 
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PROXIMAL PART OF ILES CLASTIC WEDGE: CORRELATION & DATING 
CONSTRAINTS   
The proximal part of the Iles Clastic Wedge is where it reaches its minimum 
thickness (ca. 250 m compared to ca. 500 m maximum wedge thickness farther downdip) 
(Figure 3.4) and the preserved strata represent a shorter time span of ca. 2.5 my 
(compared to ca. 3 my total wedge duration) (Figure 3.2).  
As detailed in Chapter 2, the sequences within the Iles Clastic Wedge have been 
correlated across several hundred kilometers using outcrop and subsurface data. These 
correlations are constrained by the use of key stratigraphic surfaces and ammonite-zone 
information. In the proximal part of the wedge dating is a complex task as there are no 
identified ammonite species and there is uncertainty in the duration of the unconformity 
gaps on the top and base boundaries of the wedge .Nevertheless, ammonite dating from 
marine successions in correlative formations in the neighboring Hanna and Laramie 
basins, as well as datings below and above the wedge, provide a reasonable time frame 
for this interval (Figure 3.2).  
ILES CLASTIC WEDGE: PROXIMAL FACIES ASSOCIATIONS (ROCK 
SPRINGS UPLIFT) 
Rusty Member 
The Rusty Member, the middle and most tidal/brackish-water influenced member 
of the Ericson Sandstone, was studied at two localities, Pipeline Canyon and Mudsprings 
Ranch, on the southeastern edge of the Uplift (Figure 3.3). In these areas, the Rusty 
Member can be divided into lower, middle and upper sandy zones (sequences 5, 6, and 7 
respectively in Appendix 3.1). 
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Facies Association 1: Fluvial channels 
Facies Association 1 is found in the lower zone of the Rusty (sequence 5 and to 
the NE lowermost sequence 6 in Appendix 3.1). It consists of lenticular, erosively-based, 
upward-fining, lower-medium to lower-fine grained sandstones, 1-7 m thick (Figure 
3.5A) that cut into flood plain deposits (Facies Association 5). These sandbodies are 
composed of trough and tabular cross-bedded sandstones (Facies 3 and 1 respectively in 
Table 3.1) (Figure 3.5B), and plane-parallel laminated sandstones with some soft-
sediment deformation (Facies 7) (Figure 3.5C), mudstone rip-up clasts and organic 
material at the base of the units. The trough cross-beds have sets thicknesses 0.2-1 m 
thick, whereas the tabular cross-beds sets are 0.1-1 m thick. Paleocurrent directions 
derived mainly from tabular cross-beds show an important E to SE direction (Figure 3.5). 
Facies Association 1 changes laterally (to the south) to Facies Association 5 (Flood plain 
deposits). 
Interpretation: 
These erosively based, upward-fining, lenticular sandbodies with unidirectional 
paleocurrents are interpreted as fluvial channels. Tabular and trough cross-beds (Facies 1 
and 3 respectively) represent 2-D and 3-D dunes that migrated over the bed of the 
channel. Plane parallel lamination (Facies 7) indicates locations or times of shallower 
water with upper flow-regime conditions. Soft sediment deformation indicates that the 
channels supported high rates of deposition, so that there was frequent, local pore-water 
pressure increases. E and SE paleocurrent directions indicate basinwards flow, which 
supports the fluvial channel interpretation. There are no indications of brackish water or 
tidal conditions in the deposits of these channels. 
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Figure 3.4. Cross section showing the Iles 3rd-order wedge. In the northwestern reaches the wedge is bounded on top and bottom by 
regional erosion surfaces at base Canyon Creek and base Trail members (in black). In the southeastern reaches the wedge 
is bounded by 3rd-order maximum flooding surfaces (Surface I and Surface IV in blue) that become eroded by the 
regional erosion surfaces updip. Probable position of deltaic/shoreface deposits east of Fish Creek, in yellow, bounded by 
dashed lines, from Masters (1965). The localities named in the top of the diagram were projected into the transect. This 
transect depicts real distance between wells, whereas the stratigraphic columns were projected at approximately right 
angles into the transect. See Figure 3.2in Chapter 2 for geographic location of the well logs and vertical profiles. 
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Figure 3.5. Representative measured section through fluvial deposits of Facies Association 1. Measured section from Pipeline Canyon 
profile 1 (0-5 m). Annotations on the measured section correspond to facies (see Table 3.1). (A) Highly amalgamated 
lenticular fluvial sandstone units. (B) Tabular cross-bedded sandstone. (C) Soft sediment deformation. 
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Facies Textures Structures Paleocurrent 
directions 











mud and clay chips 
Tabular cross-








0.1-1 m thick cross-
sets in erosionally 
based lenticular 
units 1 m to 7 m 
thick 
Downstream migration of 2D 









mud and clay chips 
Tabular cross-
















0.1-1 m thick cross-
sets in erosionally 
based lenticular 
units 0.3-5 m thick 
and rarely in tabular 
sandstones 
Migration of 2D dunes in 









mud and clay chips 
Trough cross-




Unimodal 20°-40° Coaly wood 
fragments 
0.2-1 m thick cross-
sets in erosionally 
based lenticular 
units 1-7 m thick 
Downstream migration of 3D 
dunes in fluvial channels 





Occasional mud and 
clay chips 
Trough cross-










0.2-0.5 m thick 
cross-sets in 
erosionally based 
lenticular units 0.3-5 
m thick 
Migration of 3D dunes in 
channels with tide influence 
5. Current ripple 
laminated sandstone 








organic rich mud 
drapes lining foresets 









Up to 0.05 m thick 
ripple sets, in flat-




Unidirectional current ripples 
deposited during the 
abandonment of a channel, in 
overbank or tidal flat zone 
Table 3.1. Facies description. 
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Facies Textures Structures Paleocurrent 
directions 







Mud-drapes in places 
Master bedding 
planes dipping 5° 
(occasionally up to 
10°). Superimposed 
0.1-0.5 m thick high-
angle tabular cross-
beds. Current ripples, 
climbing up or down 
the lee face of the 
cross-beds. 




Downcurrent migration of 
dunes superimposed in tidal 
bars that migrate oblique to 
the main current at the base 
of tidal-fluvial channels. 
Dominant and subordinate 











organic rich mud 










units and in 
lenticular units, 
alternating with 













Rhythmic fine (few 
millimeters) 
lamination of dark 
gray finer and white 
coarser grained 
sediment. Individual 
thin beds are often 
massive, but 
sometimes the 
coarser grained and 





 Minor bioturbation 
with poor 
development of trace 
fossils, which are 
small and difficult to 
identify 
Flat-based units 
eroded by channels 
Rhythmic beds deposited in 
intertidal flats Individual 
massive beds produced by 
tidal currents that are too 
slow to produce ripples and 
deposit sand/silt layers from 
suspension that alternate with 
mud. Asymmetric ripples are 
current ripples produced 
during periods of higher 
current velocity.  
Table 3.1. Continued.
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Facies Textures Structures Paleocurrent 
directions 
Trace fossils and 
biota 
Occurrence Interpretation 









organic rich mud 
drapes, some double 
mud drapes, and 
flaser bedding 
 Organic rich mud 
drapes, sometimes 
rooted 
Flat-based units, top 
of lenticular units 
Ebb/flood tidal currents 
depositing current ripples and 
slack water depositing fine 
grained material in intertidal 
flats or during tidal channel 
abandonment  








Massive   Finely-disseminated 
carbonaceous 
material, coal layers 
and lenses up to 1 m 
thick, and sometimes 
rooted 
Flat-based units up 
to 6 m thick 
Massive organic rich 
mudstones deposited from 
flocculation and suspension 
in muddy tidal flats. Zones 
with root casts, coal layers, 
dissecation cracks and 
concentric weathering 
(blocky soil structures) 
represent the highest parts of 
the tidal flat, where marsh 
develops. 
11. Rip-up clasts 
conglomerate 
Mudstone. Very fine 
to medium grained 
sandstone rip-up 





  Irregular unit, up to 
1.5 m thick 
Channel bank instability 
12. Inclined 
heterolithic strata 







 Organic debris. In 







strata up to 15 m 
thick 
Point bars in the upper 
coastal plain. Brackish water 




Facies Textures Structures Paleocurrent 
directions 






Mudstone Soft sediment 
deformation is 
common 
 In some zones 







Terebellina. In other 
places the degree of 





Flat based units few 
meters thick 
overlying facies 12 
The first ichnofacies indicates 
open marine environment 
with strong deltaic overprint, 
whereas the second 
ichnofacies is interpreted as 
brackish water environment 
14. Medium to coarse-
grained, trough and 
tabular cross-stratified 
sandstone 






lags are common 
towards the basal 
part of the 
sandbodies 
Beds with common 
soft sediment 
deformation 
Unidirectional Teredolites borings 
on log casts found 
towards the basal 
part of the sandstone 
Up to 1.5 m thick 
sets of trough cross-
beds and up to 1 m 
thick sets of tabular 
cross-beds in 
erosively based 
sandstones up to 12 
m thick 
Low-sinuosity river channel 
bars sited on the alluvial plain 




Facies Association 2: Proximal tidal-fluvial channels 
Facies Association 2 has been documented towards the middle portion of the 
Rusty Member (Appendix 3.1, sequence 6). Facies association 2 consists of lenticular, 
erosively based, upward-fining, upper-medium to lower-fine, and rarely very fine-grained 
sandstones, 0.5-5 m thick that cut into intertidal flat/marsh deposits (Facies Association 
4) or fluvial channels (Facies Association 1). The middle portion of the Rusty Member 
can be subdivided into lower and upper sandy units (Appendix 3.1). The lower unit 
displays grain size up to upper-medium, whereas the upper unit is finer grained with 
maximum lower-medium grain size. These lenticular units stack to form sandbodies up to 
20 m thick (and can reach a total thickness of 27 m taking into account the fluvial 
channels of Facies Association 1 that they cut into) (Appendix 3.1) and extend over 
several hundred meters. The sandbodies are composed of cross-bedded sandstones 
(sometimes bidirectional in adjacent sets) (Facies 2 in Table 3.1) (Figure 3.6C), plane-
parallel laminated sandstones (Facies 7) (Figure 3.6D), compound cross-bedded 
sandstones (Facies 6), and asymmetric rippled sandstones sometimes climbing (Facies 5, 
Figure FA7A), other times heterolithic with double mud drapes (Facies 9) (Figure 3.6B) 
towards the top of the units. The trough cross-beds have set thickness between 0.2-0.5 m, 
whereas the sets of the tabular cross-beds are between 0.1-1 m thick. Sometimes the 
cross-beds display organic-rich mud drapes on foresets (Figure 3.6C). The compound 
cross beds have low angle (5-10°) master surfaces, display superimposed tabular cross-
beds with sets between 0.1-0.5 m thick, and exhibit ripples climbing up or down the lee 
faces of the cross beds. The basal part of the lenticular units contains mudstone rip-up 
clasts, tree trunk casts, and Teredolites burrows (Figure 3.6E). Soft sediment deformation 
is common throughout the units (Figure 3.6F). 
 73
Paleocurrent measurements derived mainly from tabular cross-beds indicate a 
dominant ESE flow with a weak/subordinate NW current in the lower part of the middle 
Rusty Member and SE dominant current with a subordinate NW direction in the upper 
zone (Figure 3.6) . Facies Association 2 changes laterally to Facies Association 4 
(Intertidal flats and marshes) (Appendix 3.1). 
Interpretation: 
The erosively based, lenticular, upward-fining units with some bidirectional 
cross-beds, organic-rich, double mud drapes and Teredolites burrows are interpreted as 
fluvial channels with some significant tidal influence within the study reaches. Double 
mud drapes are interpreted to be the product of slack water periods before and after the 
running of the subordinate current, which itself produced a very thin and laterally 
discontinuous sandstone layer (Dalrymple, 1992) (e.g. Visser, 1980). Teredolites wood 
borings indicate brackish-water influence (e.g. Shanley et al., 1992; Martinsen et al., 
1999). The compound cross-beds (Facies 6) sometimes found in this facies association 
are commonly formed in sandy subtidal flats (Dalrymple, 1992) and rarely found in 
alluvial settings (Shanley et al, 1992). These compound cross-beds represent compound 
dunes that are the product of the interplay of the dominant and subordinate tidal currents 
(Allen, 1980). The master surfaces represent erosional breaks, in this case low angle, 
indicating that the dominant and subordinate currents were of similar strength (Allen, 
1980). Plane parallel bedding (Facies 7) was formed during stages of upper flow regime, 
whereas the asymmetric ripples (Facies 5) towards the top of the lenticular units represent 
current ripples formed during stages of low current velocity (e.g. Allen, 1968). The 
observed soft-sediment deformation demonstrates that these channels supported high 
rates of deposition, where water present in the deposit pore space escaped and deformed 
the sedimentary structures after the water flow was impeded (Owen, 1996). 
 74
Figure 3.6. Representative measured section through proximal tidal-fluvial deposits of Facies 
Association 2. Measured section from Pipeline Canyon profile 2 (10-27 m). 
Annotations on the measured section correspond to facies (see Table 3.1). Facies 
Association 2 is characterized by tabular cross-bedded sandstones sometimes 
bidirectional in adjacent sets with organic rich mud drapes in foresets (C, strike 
view of foresets). Plane parallel lamination is found in some zones (D). Double mud 
drapes are present sometimes towards the upper portion of the channels (B) as well 
as asymmetric rippled sandstones sometimes climbing (A). Teredolites burrows (E) 
are common towards the base of the units whereas soft sediment deformation (F) is 
found throughout the sandstone. 
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Figure 3.6. Continued. 
Paleocurrent measurements indicate the predominance of basinward-directed ebb 
currents (ESE and SE), with a weak landward component (WNW) in the lower part of the 
middle Rusty and a more marked landward component (NW) in the upper zone. The 
predominant basinward flow observed in this facies association strongly suggests that the 
tidal-fluvial channels were located in the inner reaches of an estuary, just basinwards of 
the tidal limit, where the net sediment transport is downstream (Dalrymple et al., 1992). 
The stronger bidirectional signal shown in the upper unit of the middle Rusty, together 
with the finer maximum grain size supports the idea that the tidal fluvial channels in the 
upper unit of the middle Rusty were located in a more basinward position with respect to 
the lower unit, probably closer to the meandering zone, which corresponds to the lowest 
energy portion of the system (Dalrymple et al., 1992). 
These tidal-fluvial channels that cut into fluvial channels (Facies Association 1), 
amalgamate to form channel belts up to 27 m thick. They are laterally extensive, and are 
interpreted to represent multistorey, multilateral channels. Martinsen et al. (1999) 
interpreted these deposits as occurring within an incised valley. 
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Facies Association 3: Tidal sand bars in association with low-sinuosity channels (distal 
tidal-fluvial channels) 
Facies Association 3 consists of lenticular, erosively based, upward-fining, upper-
medium to lower-fine (and rarely lower coarse-grained) sandstone units, 0.5-4 m thick. 
These lenticular units stack to form stratal intervals up to 8 m thick, are laterally 
extensive (at least 400 m) and cut into intertidal flat/marsh deposits (Facies Association 
4) (Appendix 3.1). Facies Association 3 is dominated by very well organized, stacked 
tabular cross-bedded sandstones (Figure 3.7A) with occasional reverse currents in 
adjacent sets (Facies 2 in Table 3.1), compound cross-bedded sandstones (Facies 6), and 
asymmetric rippled sandstones (Facies 5) towards the top of the units. Plane-parallel 
lamination (Facies 7) is found in some zones. The sets of cross-strata are between 0.1-0.3 
m thick with foresets commonly draped by organic-rich mud layers. The compound cross 
beds have low-angle (5-10°) master surfaces, display superimposed tabular cross-beds 
between 0.1-0.2 m thick, and exhibit ripples climbing up or down the lee faces of the 
cross beds. Towards the base of the lenticular units there are common mudstone rip-up 
clasts (Figure 3.7C) and coal fragments. Soft sediment deformation is found throughout 
this facies association (Figures 3.7A and B). 
Paleocurrent measurements derived mainly from tabular cross-beds indicate S and 
SW trends (Figure 3.7). Within individual lenticular units paleocurrent directions derived 
from tabular cross-bedding vary up to 40°. Facies Association 3 changes laterally (to the 
south) to Facies Association 4 (Intertidal flats and marshes) (Appendix 3.1). 
Interpretation: 
The lenticular-shaped sandstone with erosive base, fining-upward, tabular cross-
bedded sandstones with bi-directional paleocurrents, organic-rich mud drapes, and 
compound cross-beds suggest a tidal setting for these deposits. Compound cross-beds 
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(Facies 6), organic-rich mud drapes (Facies 2), asymmetric ripples (Facies 5) and plane-
parallel lamination (Facies 7) are interpreted similarly to Facies Association 2. South and 
southwestward paleocurrent directions indicate a dominance of ebb-tidal currents in the 
proximal zone of the estuarine system where fluvial processes dominate (Dalrymple et 
al., 1992). The very well organized nature of the deposits that are volumetrically 
dominated by tabular cross-bedded sandstones (lacking trough cross-beds) is interpreted 
as a sign of less fluvial influence (Dalrymple and Choi, 2007), compared to Facies 
Association 2. Therefore the deposits of Facies Association 3 were located in a distal 
position relative to those in Facies Association 2. The relatively low variation of 
paleocurrent directions within individual sand units suggests that these may be large tidal 
bars, possibly associated with low-sinuosity channels (e.g. see also Plink-Bjorklund, 
2005). Figure 3.8, showing extensive 2-D dunes within larger tidal bars associated with 
low-sinuosity channels of the Bay of Fundy Estuary, is a possible analog for Facies 
Association 3. 
Facies Association 4: Intertidal flats and supratidal marshes 
Facies Association 4 occurs lateral to the described Facies Associations 2 and 3 
and overlying and underlying Facies Associations 1-3 (Appendix 3.1). Facies Association 
4 is composed mainly by structureless, organic-rich mudstones (Facies 10 in Table 3.1), 
and volumetrically less important thinly laminated heterolithic siltstones/sandstones 
(Facies 8), tabular and lenticular sandstone bodies (Figure 3.9A). The massive mudstones 
are up to 6 m thick, sometimes rooted, contain coal layers and lenses up to 1 m thick 
(Figures 3.9A and C), and jarosite mottles. In some places the massive mudstones show 
orange and brown mottles, contain desiccation cracks and concentric weathering (Figure 
3.9B). Facies 8 occurs up to 1 m thick, and is composed of rhythmic alternating white 
siltstone/very fine sandstone and dark gray mudstone. The lamination is few millimeters 
 78
thick. Individual thin beds are often massive, but sometimes the coarser grained and 
thicker beds display asymmetric ripples (Figure 3.9D). Soft sediment deformation is very 
common. Facies 8 can be bioturbated with trace fossils which are small and difficult to 
identify. In places the Facies 10 and 8 grade laterally/vertically to heterolithic very fine 
grained asymmetric rippled sandstone/siltstone interbedded with few millimeters thick 
organic-rich mud drapes (Facies 9) (Figures 3.9E and F), where some drapes laterally 
amalgamate (Figure 3.9G). Sometimes the mud drapes deposit on asymmetric ripple 
troughs forming flaser bedding (Figure 3.9H). Facies 9 sometimes display root traces 
(Figure 3.9F). 
Facies 10, 8 and 9 interbed with tabular sandbodies and lenticular sandstones The 
tabular sandbodies are 0.05-1 m thick, composed of very fine to lower fine grained 
sandstone that form massive thin (few centimeters thick) beds and asymmetric rippled 
(sometimes climbing) thicker beds (Facies 5 in Table 3.1) (Figure 3.9I) sometimes 
bidirectional in adjacent sets. The component grains rarely reach the lower medium size. 
In this case the tabular beds are composed of tabular cross-bedded sandstones with sets 
up to 0.2 m thick (Facies 2). These sandbodies can be rooted and sometimes display soft 
sediment deformation. The lenticular sandstones fine upwards from lower medium to 
lower fine grained sandstones that rarely reach upper medium grain size. The lenticular 
sandstones are between 0.3-3 m thick and consist of tabular cross bedded sandstones, 
sometimes bidirectional in adjacent sets (Facies 2), with sets between 0.2-0.4 m thick and 
rare plane parallel laminated sandstones (Facies 7). Trough cross-bedded sandstone 
(Facies 4) is rarely found (Figure 3.9A top). Organic-rich mud drapes are commonly 
found on the cross-bed foresets whereas plant debris is common throughout the 
sandbodies (Facies 2). Towards the base of the lenticular sandstone units mudstone rip-up 
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clasts, wood casts and Teredolites burrows are found. In some zones the lenticular units 
laterally change to chaotic mud-supported rip-up clasts conglomerate (Facies 11).  
Paleocurrent directions from tabular sandstones are very widespread with a SE 
important component and less important NW direction. Paleocurrent directions from 
lenticular sandstones are also very scattered, but show an important SW component 
(Figure 3.9). 
Interpretation: 
The thick, organic-rich, massive mudstones of Facies 10 are interpreted as supra 
to intertidal mud flats. Such mud flats are characterized by the accumulation of fine 
material from suspension and flocculation that produce structureless deposits (Reading 
and Collinson, 1996). The rooted zones, with jarosite mottles, desiccation cracks and 
concentric weathering correspond to the highest (upper supratidal) parts of the tidal flat, 
where salt marshes formed (e.g. Dalrymple et al, 1990). The presence of jarosite indicates 
the development of acid sulphate soils that characterize saline swamps (e.g. Pons, 1973; 
Dent, 1986). Acid sulphate soils are the product of exposure of brackish sediments rich in 
sulphide material like pyrite, which is formed in water-logged saline sediments rich in 
organic matter (Dent, 1986; Dent and Pons, 1995). The concentration of pyrite is 
enhanced by strong tidal activity (Lin et al, 1995). As these sediments become exposed 
pyrite is oxidized to form jarosite. The concentric weathering observed in this facies 
association is interpreted as sub-angular blocky structures that are typically formed in the 
subsoil (B soil horizon). Abundance of blocky structures indicates poorly to moderately 
drained subsoils (Southard and Buol, 1988). Facies 8 is also part of the muddy intertidal 
flat (e.g. Dalrymple et al, 1990) where the individual massive beds are inferred to be the 
product of tidal currents that were too sluggish to produce ripples, but deposited sand/silt 
layers from suspension in alternation with mud (Dalrymple, 1992). The heterolithic very 
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fine-grained sandstone with amalgamated mud drapes (or double mud drapes) and flaser 
bedding (Facies 9) represents sandier zones of the tidal flat, probably a mixed zone. 
Double mud drapes are interpreted as for Facies Association 2. Flaser bedding indicates 
deposition from slow and reversing tidal currents, where rippled sands were deposited by 
the ebb/flood current and the mud drapes are deposited during periods of slack water 
(Reineck and Singh, 1980). 
The rippled tabular sandbodies up to 1 m thick (Facies 5 and rarely 2) that 
alternate with the finer grained facies (Facies 10 and 8) are interpreted as intertidal flat 
sands, deposited as the high tide level fell (Reineck and Singh, 1980). The rare tabular 
cross-bedded sandstones (Facies 2) represent migration of 2-D dunes during stages of 
higher current velocity. The roots present on some tabular sandstones indicate deposition 
on the highest parts of the tidal flat. The very widespread paleocurrent directions are in 
concordance with a tidal flat interpretation, where the current pattern is very complex 
(Reineck and Singh, 1980).  
The sometimes bidirectional, tabular cross-bedded lenticular sandstone bodies, up 
to 3 m thick, with organic-rich mud drapes, plant debris, and Teredolites burrows (Facies 
2) are interpreted as tidal creek deposits that cut the intertidal zone (e.g. Dalrymple, 
1990). Organic-rich mud drapes and Teredolites burrows are interpreted as for Facies 
Association 2. Scattered paleocurrent directions may indicate that these channels were 
sinuous and developed point bars. The chaotic mud-supported rip-up clast conglomerates 
are interpreted as areas of channel-bank instability. Figure 3.10 shows a modern analog 
for Facies Association 4 in the Bay of Fundy estuary. This photo shows intertidal 
mudflats with tidal gullies and fringing supratidal saltmarshes (in distance) that lie 
adjacent to an extensive tidal sand bar dominated by 2-D dunes with related channel. 
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Figure 3.7. Representative measured section through tidal sand bars in association with low-
sinuosity channels (distal tidal-fluvial channels) of Facies Association 3. Measured 
section from Pipeline Canyon profile 2 (44-52 m). Annotations on the measured 
section correspond to facies (see Table 3.1). Facies Association 3 is characterized 
by orderly, stacked tabular cross-bedded sandstones (A). Soft sediment deformation 
is common throughout the sandstones (A and B) whereas mudstone rip-up clasts 
(use arrow) are found towards the base of the channels (C). 
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Figure 3.8. Photo showing a possible modern analog for Facies Association 3. Extensive fields of 
2-D dunes within larger tidal bars associated with low-sinuosity channels of the mid 
reaches of Bay of Fundy Estuary. Photo courtesy of R. Steel. 
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Figure 3.9. Representative measured section through low-sinuosity tidal channels, intertidal flats 
and supratidal marshes of Facies Association 4. Measured section from Mudsprings 
Ranch profile 7 (150.5-155 m) is shown in (A). The white dashed line in A marks 
an erosion surface at the base of lenticular sandstone. Annotations on the measured 
section correspond to facies (see Table 3.1). Finer grained deposits in Facies 
Association 4 are characterized by concentric weathering (sub-angular blocky 
weathering) (B), coal layers (C), and heterolithic laminated siltstones/sandstones 
and mudstones (D). The individual thinner beds in the latter facies are massive 
whereas the thicker beds are commonly current rippled (D). The finer grained facies 
in Facies Associations 4 grade laterally to heterolithic rippled sandstones 
(E)/siltstones (F) sometimes rooted (F), with organic rich simple and double mud 
drapes (G), and flaser bedding (H). These deposits interbed with tabular sets of 
current rippled sandstones that sometimes contain climbing ripples (I). 
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Figure 3.9. Continued. 
Figure 3.10. Photo showing a possible modern analog for Facies Association 4. Intertidal 
mudflats with tidal gullies and fringing supratidal saltmarshes (in distance) that lie 
adjacent to an extensive tidal sand bar dominated by 2-D dunes with related channel 
in the Bay of Fundy Estuary. Photo courtesy of R. Steel. 
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Facies Association 5: Flood plain 
Facies Association 5 occurs lateral to the described Facies Association 1 
(Appendix 3.1). Facies Association 5 is composed mainly by massive, organic-rich 
mudstones (Facies 10 in Table 3.1) and volumetrically less important tabular, flat based 
units composed of rippled very fine to lower fine-grained sandstones (Facies 5) 
(Appendix 3.1). Facies 10 is up to 4 m thick whereas Facies 5 is up to 1 m thick. The 
organic-rich mudstones are sometimes rooted. 
Interpretation: 
The organic-rich mudstones that occur lateral to fluvial channels of Facies 
Association 1 are interpreted as floodplain deposits. The tabular, flat based rippled 
sandstones that interbed with the fine grained facies are interpreted as crevasse splays. 
Trail Member 
The Trail Member of the Ericson Sandstone is composed of two facies 
associations: (1) Facies Association 6 interpreted as low-sinuosity fluvial channels with 
occasional tidal influence (alluvial plain) and (2) Facies Association 7 interpreted as 
sinuous, relatively muddy, tidally influenced fluvial channels (upper coastal plain). These 
two associations can occur as single or multi-storey bodies with Facies Association 7 
always overlying an erosively-based Facies Association 6 (Figure 3.11). 
Facies Association 6: Low-sinuosity fluvial channels with occasional tidal influence 
Medium to coarse, sometimes upper fine-grained trough and tabular cross-
stratified (Figures 3.12A and B respectively) and soft-sediment deformed sandstones 
within erosively-based sandbodies that are up to 12 m thick (Facies 14 in Table 3.1). Sets 
of trough cross beds are up to 1.5 m thick whereas sets of tabular cross-beds can reach 1 
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m thick. The basal part of the sandbodies can contain mudflake conglomerates, very 
coarse-grained lags and occasional Teredolites borings on log casts (Figure 3.12C). 
Coarse-grained sandbodies of this type, giving relatively ‘blocky’ log patterns, are always 
at least as extensive as the outcrops, i.e., 100s of meters.  
Interpretation: 
These relatively coarse-grained trough cross-stratified sandbodies, without 
interbedded fine sediments, and with no visible trace fossils except occasional Teredolites 
borings, are interpreted as low-sinuosity, river channel-bar systems. The bars have no 
obvious inclined accretion surfaces, were dominated by 3-D dunes, and were sited on the 
alluvial plain with only rare brackish-water incursions evidenced by the presence of 
Teredolites borings. 
Facies Association 7: Sinuous tidally influenced fluvial channel 
Facies Association 7 consists of large-scale (up to 15 m-thick) sets of inclined 
heterolithic strata that contain foresets of ripple-laminated, very fine to fine-grained 
sandstone alternating with siltstones and mudstones that are bioturbated (common 
Planolites and some Teichichnus), have abundant organic debris, and sometimes organic-
rich mud drapes (Facies 12 in Table 3.1) (Figures 3.13C and D). This facies association 
appears to gradually overlie FA 6, and is also commonly incised by overlying, coarser-
grained FA 6 (Figure 3.11). In some places (UWY1 well cores) up to 10 m thick of 
bioturbated mudstone/siltstone is found immediately capping FA 7. The degree of 
bioturbation in these fine-grained intervals can be moderate with ichnofacies 
characterized by Asterosoma, Chondrites, Planolites, Palaeophycus, Phycosiphon, and 
Terebellina (Figure 3.13A). In other places the degree of bioturbation is poor with 
Planolites, Palaeophycus, and Thalassinoides (Facies 13) (Figure 3.13B).  
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Interpretation: 
The heterolithic bodies of Facies Association 7 are interpreted as high-sinuosity 
point bars that are sited on the upper coastal plain. The bioturbated character of the 
muddier components of the heterolithic strata confirms this and indicates that brackish 
water enters the upper coastal-plain channels at times, and that these channels can be 
considered as part of a tidally-influenced, coastal fluvial system. The ichnofacies present 
in the overlying mudstones of Facies 13, characterized by Asterosoma, Chondrites, 
Planolites, Palaeophycus, Phycosiphon, and Terebellina are interpreted as open marine 
environment with strong deltaic overprint whereas the ichnofacies characterized by 
Planolites, Palaeophycus, and Thalassinoides are interpreted in terms of a brackish water 
environment (James MacEachern, personal communication). This vertical change from 
widespread erosion to FA6 to heterolithic FA7 and to muddy strata indicates an initial 
phase of erosive regression, followed by progressive landward shift of the environment of 
deposition (from alluvial plain to upper coastal plain) during the accumulation of thick 
‘couplets’ of FA6-FA7. There are 4 repeated units of this type in the Trail member of 
Cooper Ridge on the east flank of the Rock Springs Uplift. 
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Figure 3.11. Overview of sequences composed of Facies Associations 6 and 7, close to 
Mudspring Ranch. The white line marks the erosion surface (sequence boundary) at 
the base of Facies Association 6 (stacked low sinuosity fluvial channels). Facies 
Association 6 is gradually overlain by Facies Association 7 (sinuous tidally 
influenced fluvial channels), which is in turn eroded on top by Facies Association 6. 
Photo courtesy of R. Steel. 
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Figure 3.12. Representative measured section through low sinuosity fluvial channels with 
occasional tidal influence of Facies Association 6. Measured section from 
Mudsprings Ranch profile 7 (7.5-11.5 m). Annotations on the measured section 
correspond to facies (see Table 3.1). Facies Association 6 is characterized by 
channels filled with tabular and trough cross bedded sandstones (A and B) with 
occasional Teredolites burrows near the base of the channels (C). 
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Figure 3.13. Representative measured section through sinuous tidally influenced fluvial channel 
of Facies Association 7. Measured section from Mudsprings Ranch profile 7 (33.5-
40 m). Annotations on the measured section correspond to facies (see Table 3.1). 
Facies Association 7 is characterized by sets of inclined heterolithic strata 
containing rippled sandstone beds interbedded with mudstones and siltstones that 
are sometimes bioturbated and other times contain organic rich mud drapes (B and 
C). This succession is sometimes overlain by moderately bioturbated mudstones 
with ichnofacies characterized by Asterosoma, Chondrites, Planolites, 
Palaeophycus, Phycosiphon, and Terebellina (A). In other places the degree of 
bioturbation is poor with Planolites, Palaeophycus, and Thalassinoides (B). As = 
Asterosoma; Ch = Chondrites; P = Planolites; Pa = Palaeophycus; Ph = 




The well-log thickness of the interpreted 4th-order sequences in the proximal 
reaches of the Iles Clastic Wedge is commonly 20-75 m (65.6-246 ft) and exhibits from 
base to top: (1) thin coastal-plain mudstones, sometimes containing brackish-water traces, 
representing the basal maximum flooding surface, if preserved from overlying erosion, 
(2) erosively based (sequence boundary) coarse-grained fluvial or estuarine channels, 
frequently with Teredolites borings in wood fragments, (3) heterolithic channel bars and 
mudstones of coastal-plain origin, containing the top-of-the-sequence maximum flooding 
surface, with occasional thin zones of the brackish-water trace fossils like Teichichnus 
(Figure 3.14). In outcrop sections on the uplift, which are located a few tens of kilometers 
west of the closest well logs just east off the uplift, the thickness of sequences diminishes, 
especially within the Trail Member, reaching a minimum of 12 m (Figure 3.15).  
The interpreted regional transect shows that seven 4th-order sequences are 
represented on the eastern flank of the Rock Springs Uplift (Appendix 2.1 and Figure 
3.15) (sequences 1-7 from bottom to top): four in the Trail and three in the Rusty 
Member. The lowermost sequence (sequence 1) of the Trail Member has a well-known 
erosion (sequence boundary), incising into the rocks of the Gottsche Tongue of the Rock 
Springs Formation (Figure 3.15). This sequence boundary marks a basinward shift from 
lower coastal plain, brackish-marine deposits of the Gottsche Tongue up to fluvial and 
tidally influenced fluvial channels of the Trail Member (Facies Associations 6 and 7). 
Within the Trail Member each sequence (sequences 2-4) is composed from base to top by 
(1) sinuous tidally influenced fluvial channel fill (Facies Association 7), sometimes with 
capping mudstones containing the maximum flooding surface, (2) erosively-based 
(sequence boundary, sometimes eroding most of underlying FA7) low-sinuosity fluvial 
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channel deposits with occasional tidal influence (Facies Association 6), and (3) sinuous 
tidally influenced fluvial channel fill (Facies Association 7) with mudstones containing 
the capping maximum flooding surface. Sequence 5 is composed by mudstones of the 
Trail Member (Facies Association 7) containing the basal maximum flooding surface 
erosively (sequence boundary) overlain by fluvial channels (Facies Association 1) of the 
Rusty Member and its associated flood-plain deposits (Facies Association 5) (Appendix 
3.1). This sequence boundary marks the maximum basinward progradation of the Trail 
Member, and the initiation of overall backstepping of the Rusty Member. Sequence 6 is 
composed by flood-plain deposits (Facies Association 5) containing the basal maximum 
flooding surface erosively overlain (sequence boundary) by fluvial to proximal tidal 
fluvial channels and associated tidal flats and marshes (Facies Association 1, 2, and 4). 
The tidal-flat mudstones contain the sequence’s top maximum flooding surface 
(Appendix 3.1). Sequence 7 is composed of tidal flats and marshes (Facies Association 4) 
containing the basal maximum flooding surface erosively overlain (sequence boundary) 
by tidal sand bars in association with low-sinuosity channels (Facies Association 3) that 
laterally and vertically change to tidal flats and marshes (Facies Association 4) of the 
Rusty Member (Appendix 3.1). The youngest part of sequence 7 is eroded by the Pine 
Creek-Ericson unconformity (Martinsen, 1994), which marks a basinward shift from 
fluvial to estuarine deposits of the Rusty Member (Facies Associations 1 to 5) to nested 
and meandering fluvial channels of the Canyon Creek Member (Martinsen et al, 1999). In 
the study area Martinsen et al. (1999) interpreted several high-order sequences with their 
sequence boundaries marking the base of incised valleys. This research provides further 
documentation of an embayed area to the east of the Uplift, with possible larger valleys 
whose headward reaches may be the valley tributaries identified by Martinsen et al 
(1999). This is discussed in connection with isopach thicknesses below. 
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Figure 3.14. Cartoon showing the fourth-order sequence model from proximal to distal zones. The study zone of this chapter is 
marked by the red frame. 
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Figure 3.15. Surface-subsurface correlation in the southeastern flank of the Rock Springs 
Uplift. The inset in the right top corner shows the location of the transect 
(black line). S1-S7 corresponds to sequences 1 to 7 in the Trail and Rusty 
Members. 
In conclusion the sequences in the Trail Member contain repeated incision of a 
tide influenced fluvial system followed by transgression of the tide influenced fluvial 
system (upper coastal plain) across a fluvial system (alluvial plain). The sequences in the 
Rusty show repeated incision of the flood plain/tidal flat and transgressive backstepping 
of an estuarine system with the fill of successive sequences showing an overall 
transgressive arrangement of facies from fluvial channels (sequences 5 and 6) to proximal 




LOG PATTERN INTERPRETATION FROM GAMMA-RAY LOGS 
The interpretation of log patterns from gamma-ray logs can provide facies 
association information that is more general and less detailed than facies associations 
interpreted from outcrop. For this reason the log patterns described below sometimes 
correspond to a group of outcrop facies associations.  
Fluvial Channel-Fill Log Patterns 
The channel-fill log patterns include outcrop Facies Associations 6 of the Trail 
Member and also includes the fluvial channels from the Canyon Creek Member of the 
Ericson Sandstone, which have not been included in the current outcrop study. 
Fluvial channel-fill sandstones are represented by sharp-based successions of 
steady low or increasing upwards gamma-ray values (with thin, less important intervals 
of intervening high gamma ray ‘spikes’) (Figure 3.16A). These log intervals represent 
uniform and fining- upward grain size trends respectively, which are interpreted as the 
accumulated fill of amalgamated channels. The thin intervening or capping high gamma-
ray value successions represent mudstones of the associated floodplain whereas the thin 
intervals of “spiky” mudstone represent interbedded thin sandstone and mudstone 
intervals that can be interpreted as occasional preserved mudstone remnants or the 
heterolithic point bar deposits of Facies Association 7. 
Tidal-Fluvial Channel-Fill and Coastal Plain Log Patterns 
Tidal-fluvial channel-fill and coastal plain log patterns include outcrop Facies 
Associations 2, 3, 4, and 5 of the Rusty Member of the Ericson Sandstone. In the study 
transects this type of log pattern can also be identified in the Trail Member, as well as in 
the Rock Springs, Haystack Mountains, and Allen Ridge formations. 
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Figure 3.16. Representative log patterns for (A) fluvial channel-fill, (B) tidal-fluvial channel fill 
and coastal plain, and (C) deltaic sandstones and marine shales. 
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In well logs these tidal-fluvial sandstone units look very similar to the fluvial 
sandstones above, but are differentiated from the latter because they usually interbed with 
or are capped by thicker mudstone intervals which are characterized by high gamma-ray 
values and usually displaying a serrated “spiky” character (Figure 3.16B). The observed 
spiky character is interpreted as coastal plain interbedded thin sandstone beds or coal 
layers with low gamma ray “spikes”. The floodplain deposits are difficult to tell apart 
from coastal-plain mudstones and have been grouped together with coastal-plain 
deposits. 
Deltaic Sandstones Log Pattern 
This log pattern corresponds to successions present in the central to eastern part of 
the study area, belonging to the Rock Springs, Haystack Mountains, and Allen Ridge 
formations. 
Deltaic sandstones log pattern, usually several 10s of m thick, is characterized by 
a decreasing upward gamma-ray trend reflecting a coarsening-upward in grain size. 
Usually towards the base of this succession the gamma ray character is more “spiky”, 
reflecting the presence of interbedded mudstones with high gamma-ray “spikes”. 
Sometimes these successions are represented by relatively abrupt or even sharp-based 
successions of steady low to decreasing upward gamma-ray character (Figure 3.16C). 
Marine Shales Log Pattern 
This type of log pattern, characterized by steady high gamma-ray values (Figure 
3.16C) is found underneath deltaic sandstones log pattern and corresponds to successions 
present in the central to eastern part of the study area that belong to the Rock Springs, 
Haystack Mountains, and Allen Ridge formations. 
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DESCRIPTION OF TRANSECTS IN PROXIMAL WEDGE 
Using 130 well logs and 13 stratigraphic columns eleven cross sections were 
created, covering the whole study area (Appendix 3.2). 
Among these, two representative cross sections, one NS and one WE, were 
selected and described below (transects NS3 and WE2 in Figure 3.1). 
Facies Distribution 
NS3 transect 
Along the NS3 transect the Trail Member of the Ericson Sandstone thins from 
north (480 ft) to south (120 ft) (Appendix 3.3). This succession is represented by 
amalgamated fluvial channels. The Rusty Member thickens slightly from north (60 ft) to 
south (180 ft) as the facies change from tidal-fluvial channels to coastal plain mudstones 
interbedded with some channels (“spikier” gamma-ray patterns). 
The Canyon Creek Member thickens from north (60 ft) to south (420 ft). This 
succession is also represented by amalgamated fluvial channels (Appendix 3.3). 
WE2 transect 
Deltaic sandstones are present as Iles 1-3 equivalents in the Upper Haystack 
Mountains Formation in the eastern part of the W-E transect (Appendix 3.4). These 
deposits have been eroded farther west, i.e., west of well Champlin #237 by the Trail 
unconformity. The Trail Member is eventually completely eroded by the Pine Creek-
Ericson unconformity in the western part of the study area (west of well Massacre Hills-
Champlin 11-5) and thickens greatly from west (180 ft) to east (1080 ft) as it changes 
from amalgamated fluvial channels in the western part of the transect to tidal fluvial 
channels interbedded with coastal-plain mudstones east of well Brady Unit 37N 
(Appendix 3.4). In the eastern part of the study area the Trail Member correlates to the 
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Allen Ridge Formation. The Rusty Member also disappears underneath the Pine Creek-
Ericson unconformity west of well Massacre Hills-Champlin 11-5 and thickens from W 
(few feet) to E (420 ft) (Appendix 3.4). The western part of the transect is dominated by 
tidal-fluvial channels. East of well Churchil Federal Unit 5 some marine shorelines 
appear (where the Rusty Member correlates to the marine part of the Allen Ridge 
Formation), whereas east of well Champlin 261 the shorelines disappear and the gamma-
ray pattern looks very “spiky”, where coastal plain mudstones interbed with tidal-fluvial 
channels. The Canyon Creek Member thickens from west (120 ft) to east, reaching a 
maximum thickness of 420 ft near the middle part of the transect (Rock Spring Uplift 
area), but thins again east of this zone (60 ft). Successions of the Canyon Creek Member 
are represented by amalgamated fluvial channels. 
Isopach Maps 
Within the cross sections described briefly above, four successions could be 
distinguished: (1) Iles 1-3 or upper Haystack Mt. (incl./ Trail unconformity) (Figure 
3.17), (2) Trail Member (Figure 3.18), (3) Rusty Member (incl./ Pine Creek-Ericson 
unconformity) (Figure 3.19), and (4) Canyon Creek Member (Figure 3.20). The thickness 
of succession (1) was calculated from the Hatfield Sandstone top to the unconformity at 
the base of the Trail Member (Appendixes 3.3 and 3.4). Succession (2) was defined as the 
thickness from the unconformity at the base of the Trail Member to the flooding surface 
at the base of the Rusty Member. Succession (3) was defined as the thickness from the 
flooding surface at the base of the Rusty Member to the Pine Creek-Ericson 
unconformity. The last succession corresponds to the thickness from the Pine Creek-
Ericson unconformity to the major flooding surface (see Martinsen et al., 1999) on top of 
the Canyon Creek Member (Appendixes 3.3 and 3.4). 
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Figure 3.17. Isopach map of the Iles 1-3 or upper Haystack Mt. (w/Trail unconformity) interval. The yellow symbols mark the 
presence (in wells) of deltaic sandstones within the interval. Isopachs in feet.  
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Figure 3.18. Isopach map of the Trail Member interval. The various colored dots mark the presence (in wells) of different log patterns. 
Isopachs in feet. 
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Figure 3.19. Isopach map of the Rusty Member interval (w/Pine Creek-Ericson unconformity) interval. The various colored dots mark 
the presence (in wells) of different log patterns. Isopachs in feet. 
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Figure 3.20. Isopach map of the Canyon Creek Member interval. Isopachs in feet. Note the general thickening of the Member to the 
south, as well as possible shallow-valley trends in local thickening both east and west of the uplift. 
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Iles 1-3 or upper Haystack Mt. (w/Trail unconformity) isopach map 
The upper part of the Haystack Mountains Formation, which is equivalent to Iles 
1-3 succession, is present in the eastern part of the study area (Figure 3.17). This 
succession was removed by the Trail unconformity from the westernmost part of the 
study area to 85 km east of the town of Rock Springs. The thickness of this succession 
increases from W to E, with isopachs oriented NNE-SSW reaching a maximum thickness 
of 600 ft. In this zone the succession is composed by 1 to 3 deltaic sandstone units 
overlain by tidal-fluvial channels alternating with coastal plain mudstones, and underlain 
by marine shales. The NNE-SSW orientation of the isopachs is interpreted to reflect the 
orientation of the coastline during Iles 1-3 times. 
Trail Member isopach map 
In the northeastern part of the study area the Trail Member shows a thickness 
increase from north to south, from 300 ft reaching a maximum thickness of 1000 ft 
towards the central part of the study area (see also Pedersen and Steel, 1999), with 
isopachs oriented W-E (Figure 3.18). In the western and southwestern parts of the study 
area, in the Rock Springs Uplift zone, there is a marked thickness decrease from E to W, 
from 600 ft to 0 ft, with isopachs oriented N-S. In this zone there is still overlying Rusty 
Mb. Present. This thickness decrease accelerates just west of the Rock Springs Uplift and 
continues until ca. 30 km west of it where the interval thickness reaches zero. In the Trail 
isopach map there is interpreted a possible WNW-ESE valley zone just east of the Rock 
Springs Uplift. The eastern part of the study area where the correlative Allen Ridge 
Formation is deposited, is characterized by the presence of coastal plain mudstones, tidal-
fluvial channels and floodplain deposits (seen in outcrop) that change laterally to fluvial 
channels in the eastern flank of the Rock Springs Uplift. 
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The NS orientation of the isopachs (parallel to the axis of the uplift) in the Rock 
Springs Uplift zone together with the lateral facies change from coastal plain deposits and 
tidal-fluvial sandstones just east of the eastern flank of the Rock Springs Uplift to fluvial 
channels west of this zone strongly suggest that during Trail times the Rock Springs 
Uplift was slightly active, probably not a topographic ‘high’ exactly but enough to allow 
only a reduced amount of accumulation over the crest of the structure. The WNW-ESE 
inferred valley just east of the Rock Springs Uplift probably represents the path of a river 
valley. The rapid thickness decrease west of the Rock Springs Uplift was caused by 
abrupt erosion of the Trail by the Pine Creek-Ericson unconformity. In conclusion, the 
Rock Springs Uplift during Trail time represented a zone of marked decreased 
subsidence, but was not an important topographic feature.  
Rusty Member (w/ Pine Creek-Ericson unconformity) isopach map 
The thickness of the Rusty Member decreases from east to west, from 700 ft to 
zero over a distance of 30 km. West of Rock Springs Uplift the Rusty Member was 
completely eroded by the Pine Creek-Ericson unconformity (Figure 3.19). From west to 
east there is a change in the orientation of the Rusty isopachs in the Rock Springs Uplift 
area. West of this zone the isopachs are oriented N-S (parallel to the axis of the uplift) 
whereas isopachs east of the Rock Springs Uplift are oriented NE-SW. The facies 
association (log pattern) distribution across this map shows that there is a marine 
embayment just east of the Rock Springs Uplift (where the Rusty Member and correlative 
marine part of the Allen Ridge Formation are deposited) and that coastal plain mudstones 
and tidal-fluvial channels dominate in most of the study zone, especially in the Rock 
Springs Uplift area (see also Pedersen and Steel, 1999). West of the embayment there are 
two interpreted WNW-ESE valleys, one north of the Rock Springs Uplift and the other in 
the Rock Springs Uplift area. The incised valleys proposed by Martinsen et al. (1999) in 
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this zone during Rusty times could represent smaller tributaries to the southern valley 
interpreted in this study. 
The change of orientation of the isopachs in the Rock Springs Uplift area, where 
isopachs align parallel to the axis of the uplift west of this zone, together with the facies 
association change that occurs in this zone, is interpreted in terms of minor uplift activity 
(reduced rate of subsidence), analogous to what is also interpreted for Trail interval.  
Canyon Creek Member isopach map 
The thickness of the Canyon Creek Member decreases from south to north from a 
maximum thickness of 600 ft to a minimum value of 100 ft (Figure 3.20). The isopachs in 
the Rock Springs Uplift area are parallel to the southeast and south sides of the uplift. 
There are two isopach ‘thicks’, possible N-S oriented valleys east and west of Rock 
Springs Uplift. The orientation of the isopachs parallel to the SE and S flanks of the Rock 
Springs Uplift can be explained as increased subsidence created along the flanks of the 
uplift as this feature began to be active. However, the major thickening of the Canyon 
Creek to the south looks to be a much broader feature than the width of the uplift, 
suggesting that it may also be related to the Laramide uplift of the E-W oriented Uinta 
Mountains immediately to the south. At present there is no collected paleocurrent data in 
Canyon Creek south of RSU to test if there was also north-flowing streams heading into 
an E-W oriented ‘low’ between the embryonic Uintas and embryonic RSU. From where I 
do have data in the RSU area, during Canyon Creek times the uplift probably deflected 
the path of rivers to become south flowing. The NW-SE slope trends during Trail and 
Rusty times changes to become a more N-S trend during Canyon Creek times.. 
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ORIGIN OF THE ILES CLASTIC WEDGE 
As discussed in Chapter 2, the 3rd-order Iles Clastic Wedge is the product of 
combined tectonic and eustatic changes, and this is also evident even in the more 
proximal reaches of the wedge. The tectonic component, whose signals I expect to see 
more prominently here proximally, includes the regional influence of the Sevier fold and 
thrust belt to the west and the local embryonic influence of the Laramide Rock Springs 
Uplift, Wind River Uplift to the north, and Uinta Range to the south. As can be inferred 
clearly from the isopach maps and cross sections, the role of the Rock Springs Uplift is 
relatively minor but nevertheless evident. The isopach maps of the Trail and Rusty 
intervals show an overall marked decrease in thickness from east to west, signaling the 
clear tectonic control of the Sevier Fold and Thrust Belt. The dramatic thinning is clear 
evidence of reduced subsidence, at times uplift of already deposited Campanian strata, 
and farther west only uplift of older strata. Further evidence of dominance of upstream 
tectonic control on the wedge is the coarsening of grain size, paleocurrent patterns from 
the east and northeast, and the increasing presence of unconformities accompanying the 
thinning of the wedge, However, there is only a slight decrease of thickness over the 
Rock Springs Uplift zone. During Trail and Rusty times the Rock Springs Uplift was 
slightly active. It represented a zone of decreased subsidence, and some specific phases 
of slight uplift as evidenced by greater unconformities at base Trail and base Canyon 
Creek. 
Downstream eustatic control is also likely to be present to some extent. The 
extremely low alluvial and coastal-plain gradients across the Campanian landscape here 
are signaled by repeated 100-150+ kilometers of transgressions of marine and brackish 
water at a frequency of a several 100ky. It is not unlikely that these high-frequency 
transgressive events were eustatically driven, in response to ca.25 m eustatic sea-level 
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fluctuations, as postulated in the Late Cretaceous to Early Eocene strata of the New 
Jersey shelf margin (Miller et al., 2004; 2005) during periods of Milankovitch peak 
insolation. Also for the longer time scale there is a partial match of the New Jersey 
eustatic sea-level curve (Miller et al., 2004; 2005) with the regressive-to-transgressive 
geometry the Iles Clastic Wedge, though I might argue that this here is due to continued 
high sediment supply from the fold-and-thrust belt and the Wind River Range 
In conclusion, both tectonic and eustatic drivers have influenced the development 
of the Iles Clastic Wedge in its proximal reaches, but the regional Sevier tectonic 
component (uplift) clearly gave the dominant signal here. 
CONCLUSIONS 
Seven 4th-order sequences have been identified in the Trail-Rusty interval of the 
Rock Springs Uplift area, in the proximal reaches of the Iles Clastic Wedge: four in the 
Trail and three in the Rusty. The sequences in the Trail demonstrate repeated episodes of 
regressive erosion followed by transgressive backstepping of the coastal plain across the 
alluvial plain. The sequences in the Rusty show repeated incision of the lower coastal 
plain and transgressive backstepping of an embayed estuarine system. The fill of 
successive estuary sequences show an overall transgressive arrangement of facies from 
fluvial channels to proximal tidal fluvial channels, and distal tidal-fluvial channels. 
At the same time (Iles 1-3 times) deltaic shoreline sandstones were deposited in N 
Colorado, as well as in the correlative succession in S Wyoming in the youngest parts of 
the Haystack Mountains Formation. Isopach map analysis indicates that during Iles 1-3 
times the coastline had a NE-SW orientation. During Trail and Rusty times the Rock 
Springs Uplift represented a zone of decreased subsidence. During Trail times fluvial 
sediments were deposited on the Rock Springs Uplift area whereas east of the Uplift there 
was a coastal plain with tidal-fluvial channels developed in the Trail and correlative 
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Allen Ridge Formation to the east. During Rusty times there was clear landward 
backstepping with a marine embayment developed east of the Rock Springs Uplift (in the 
Rusty Member and correlative Allen Ridge Formation to the east), whereas the proximal 
fringes of this embayment with tidal-fluvial channels and coastal-plain mudstones 
dominated most of the study area. During Canyon Creek times the uplift had some initial 
relief, creating a zone of increased subsidence along its eastern and southern flanks. The 
uplift probably deflected the path of the rivers from a NW-SE trend (Trail and Rusty 
times) to a more NS trend. The marked thickening of Canyon Creek Member to the 
south, into an east-west trend against the Uinta Mountains, suggests possible early growth 
of the latter. 
The details of the external geometry and internal configuration of the 3rd-order 
Iles Clastic Wedge strongly suggests that it was influenced by both tectonic activity 
(regional Sevier and local Laramide tectonics) and eustatic sea-level changes. The 
tectonic signals in the wedge are by far the strongest, but there is some evidence from the 
great extent of high-frequency marine transgressions that penetrated back into the heart of 
the wedge that eustasy also left its mark. Isopach maps analysis confirms that the Rock 
Springs Uplift represented a zone of decreased subsidence throughout Trail and Rusty 
times, and a zone of occasional Laramide uplift at base Trail and base Canyon Creek 
times, but did not have an important role in the creation and growth of the Iles Clastic 
Wedge. 
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CHAPTER 4: THE SHORELINES AND THEIR REPEATED 
TRANSITS WITHIN THE ILES CLASTIC WEDGE (SAND WASH 
BASIN), FROM OUTCROPS AND WELL-LOG DATA 
ABSTRACT 
The medial reaches of the Iles Clastic Wedge were characterized in terms of 
sequence stratigraphy, facies and depositional processes, using subsurface well logs and 
outcrop stratigraphic columns. The analysis of this clastic wedge allowed a better 
understanding of transgressive vs. regressive processes, shoreline and coastal plain 
progradation in space and time, and paleogeographic reconstruction of the shoreline for 
the whole time interval. This study shows that the Iles Clastic Wedge can be divided into 
11 regressive-transgressive sequences of 200-400 ky (4th-order). The sequences within 
the regressive limb of the large wedge developed long/continuous (up to 90 km) shoreline 
transits dominated by wave processes, whereas the transgressive the sequences within the 
transgressive limb of the wedge show short/discontinuous shoreline transits that are 
influenced strongly by tides. During the overall Iles Wedge regression, three sequences 
develop important sequence boundaries that connect landward to incised valleys, 
suggesting forced regression at these levels. Two out of these three sequences when 
analyzed in terms of shoreline and coastal plain progradation show that coastal-plain 
progradation lagged behind shoreline progradation, confirming that coastal plain 
accretion did not manage to follow shoreline regression during falling relative sea level. 
Paleogeographic reconstruction of the Iles Clastic Wedge 4th-order shorelines show that 
they were originally oriented N-S then changed to NE-SW, orientation that was 
maintained until the end of the 3rd-order cycle. 
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INTRODUCTION 
The medial reaches of the Iles Clastic Wedge consists of a stacked succession of 
regressive shorelines and associated transgressive estuaries (Iles Formation) that are 
continuously exposed along the Williams Fork Mountains, south, southeast and east of 
Craig, Colorado (Figure 4.1). Oil and gas wells are variously located 10-30 km north of 
these outcrops (Figure 4.1), and constitute the main data of this study transect which also 
integrates outcrop information, and runs slightly oblique to depositional dip. This work, 
contributes to our understanding of how multiple shoreline oscillations, transiting 
landwards and seawards for up to 90 km, affected the larger scale architecture of the 
entire Iles Wedge. The studied shorelines oscillated on a time scale of 200-400 ky (4th 
order) to judge from quite well-constrained ammonite zonation data. The repeated 
shorelines and estuaries therefore form high frequency regressive-transgressive sequences 
on this time scale, a stratigraphic organization that authenticates and facilitates the 
monitoring of repeated brackish-water incursions up to a further 150 km landwards at 
times, and the sequential subdivision of the more proximal fluvio-estuarine succession as 
far to the NW as the Rock springs Uplift area. This landward extension of sequences into 
the more proximal parts of the Iles Wedge is described elsewhere (Chapter 3). I present 
here the facies descriptions, shoreline geometries and trajectories, and a paleogeographic 
reconstruction for some of the main shorelines in the mid section of the Iles Wedge. 
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Figure 4.1. Index map showing the location of the study transect, outcrop belts of correlative 
rocks (Ericson, Iles and Pierre shale formations) in the Iles Clastic Wedge (Izett 
et al., 1971; Love and Christiansen, 1985; Tweto, 1979), stratigraphic columns, 
and drill holes. The transect was constructed from geophysical logs and 
projected outcrop measured profiles. Description of numbered and lettered 
localities are in Table 4.1. Vertical profiles lettered K and L are part of a 
composite stratigraphic column. The study area corresponding to this chapter is 
in the red box. 
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Vertical profile ID Section Township Range Measured by 
Highway 13 C 8 5 N 91 W Crabaugh, 2001; Gomez (this study) 
Castor Gulch D 15, 21 5 N 91 W Crabaugh, 2001; Gomez (this study) 
Jeffway Gulch E 16, 21 5 N 90 W Crabaugh, 2001; Gomez (this study) 
Berry Gulch F 29, 31 5 N 89 W Crabaugh, 2001 
Hayden Gulch G 12, 13 4 N 89 W Crabaugh, 2001; Gomez (this study) 
Fish Creek H 10, 11 4 N 87 W Crabaugh, 2001; Gomez (this study) 
North Kremmling K 12 3 N 81 W Izett et al, 1971 
North Kremmling K 8, 18 3 N 80 W Izett et al, 1971 
South Kremmling L 7, 33 1 N 80 W Izett et al, 1971 
      
Low quality outcrop ID Section Township Range Measured by 
information           
Oak Creek I 31 4 N 85 W Masters, 1965 
Yampa J 10 2 N 85 W Masters, 1965 
      
Well name ID no. Section Township Range  
Clara Sturman Estate 12 23 8N 92W  
Thomas G Dorough - G 13 3 7N 92W  
Government 1 14 18 7N 91W  
Zimmerman/Chamberlin 15 4 6N 91W  
State   15-2 16 15 6N 91W  
Trapper Mine 1-31 17 31 6N 90W  
State   30-1 18 30 6N 89W  
CO ST  1-16 19 16 6N 89W  
Temple   1-22 20 22 6N 89W  
Dry Creek  31-1AHD 21 31 6N 88W  
Dry   0-28-6-88 22 28 6N 88W  
Dry Creek  34-4 23 34 6N 88W  
Grace   1-27 24 27 6N 87W  
Roche   23-5 25 23 5N 87W  
Fish Creek  6-36 26 36 5N 87W  
Table 4.1. Geographic location of the measured vertical profiles and well data used in this study. 
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GEOLOGIC SETTING 
The study interval, the Iles Clastic Wedge (Crabaugh, 2001) (Figure 4.2) is one of 
several, large-scale (3rd-order) regressive-transgressive clastic wedges that accreted into 
the Cretaceous Western Interior Seaway of North America (e.g. Zapp and Cobban, 1960; 
Krystinik and DeJarnett, 1995; Liu et al., 2005). The sediments that compose this wedge 
were shed from the Sevier thrust belt to the E and NE, and possibly also from an incipient 
Wind River Range to the north, during the Middle-Late Campanian. The study area 
corresponds to the medial reaches of the Iles Clastic Wedge, where some 14 shorelines 
repeatedly moved landwards and seawards. The study includes most of the Iles 
Formation, but excludes the overlying Trout Creek Sandstone Member. These Iles 
shorelines have been recognized by other authors (e.g. Bass et al., 1955; Masters 1965; 
Kiteley, 1980), but it was not until the work of Crabaugh (2001) that the Iles Clastic 
Wedge was described in some detail and defined as a 3rd-order regressive-transgressive 
clastic wedge. The lower regressive part of the wedge is formed by 10 shoreline tongues 
named Iles 1-10, whereas the upper transgressive limb is composed by 4 shoreline 
tongues called Iles 11-14 (Figure 4.2). The Iles Clastic wedge and the overlying Trout 
Creek, 20-Mile and Fox Hills wedges penetrate unusually far into the Westerm Interior 
area, compared to the underlying mid-early Cretaceous clastic wedges. For this reason it 
has been suggested that the progradation of these later wedges resulted from a late-stage 
isostatic uplift of the Sevier Fold-and-Thrust Belt, rather than from the main Sevier 
thrusting episodes themselves (DeCelles & Mitra 1995, Liu et al., 2005). However, there 
is not yet sufficient study of the younger of these wedges to fully evaluate the Laramide 
tectonic role in their generation. 
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Figure 4.2. Cross section showing the Iles stacked shoreline units within the mid section of the Iles 3rd-order clastic wedge. Probable 
position of deltaic/shoreface deposits east of Fish Creek, in yellow, bounded by dashed lines, from Masters (1965). The 
localities named along the top of the diagram were projected into the transect. This transect depicts real distance between 
wells, whereas the stratigraphic columns were projected at approximately right angles into the transect. See Figure 4.1 for 
geographic location of the well logs and vertical profiles. 
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METHODS 
The dataset used in this work consists of 15 well logs and 8 outcrop-measured 
stratigraphic columns (Figure 4.1). Well log information includes conductivity and 
gamma-ray records, where available, or resistivity and spontaneous potential data. Log 
information was either downloaded from the Colorado Oil & Gas Conservation 
Commissions (http://oil-gas.state.co.us/) or facilitated by MJ Systems. The outcrop 
information used in this work is a compilation of information collected by the first author 
(mainly from the upper Iles), by Masters (1965), by Izett et al. (1971), and by Crabaugh 
(2001) (mainly from the lower Iles). The information above was assembled to produce a 
110 km-long stratigraphic transect that originates ca. 18 km northwest of the town of 
Craig and runs southeastwards to Yampa in the Sand Wash Basin (Figure 4.1). This 
transect depicts real distance between wells, whereas the stratigraphic columns were 
projected at approximately right angles into the transect. 
The datum used for the well log correlation is the Yampa Bed in the lower 
Williams Fork Formation (Brownfield and Johnson, 1986), a volcanic ash bed that lies 
just above the Trout Creek Sandstone, some 100-150 m (328-492 ft) above the maximum 
flooding surface marking the top of the Iles Wedge (Figure 4.3). This ash bed makes an 
excellent electric-log marker with high conductivity and high gamma ray spikes. 
The outcrop stratigraphic columns were hung from the maximum flooding surface 
on top of the Iles Wedge where possible. In other instances an Iles sandstone recognized 
in the field was matched with the equivalent sandbody in the well log, for example using 
the thick coaly coastal-plain succession above Iles 10 as a reference (Figure 4.2). In 
general, correlation of the multiple shorelines in this 80-100 km mid-section of the 
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transect was not difficult, and detailed correlation of the lower levels (Iles 1-9) had 





Figure 4.3. The Yampa bed is the volcanic-ash datum used for the study well-log cross 
section. This is a high gamma-ray and high resistivity log peak located a few 
hundred feet above the top of the Iles Clastic Wedge. 
FACIES ASSOCIATIONS 
Transgressive Facies Associations 
Facies Association T1: Fluvial channels 
Facies Association T1 consists of lenticular lower fine to lower medium-grained 
sandstones showing fining-upward and ‘blocky’ vertical trends within units ranging from 
0.3 m to 7 m in thickness, in outcrop as well as in well logs (Figure 4.4). These erosively-
based units sometimes amalgamate in the outcrop (Figure 4.4A) forming up to 10 m thick 
amalgamated channels, but also may appear as single-storey channels. Many of these 
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sandstone bodies contain, at their base, mudstone rip-up clasts, coaly wood fragments, 
wood casts (Figure 4.4B), and rarely bones. Internally, they are dominated by tabular 
cross-stratification, generally in sets 0.2-0.8 m thick (Figure 4.4C), rarely reaching 1 m 
thick (Facies 1 in Table 4.2). Trough cross-stratification is also present, with sets 15-30 
cm thick (Facies 5) (Figure 4.4C). Soft sediment deformation, giving a massive 
appearance to the units, is very common. Sometimes plane-parallel lamination is also 
found (Facies 19). In the uppermost parts of some channeled units, asymmetric ripple 
lamination (Facies 9) is observed. Also, some bed tops show root traces. 
This association is usually found interbedded with coastal-plain organic-rich 
siltstones/mudstones (Facies Association T4). Measured paleocurrent directions mainly 
from tabular cross-beds indicate an important SE direction (Figure 4.4). 
Interpretation: 
These erosively based, ‘blocky’ to upward-fining channelized sandstones that lack 
bioturbation are interpreted as fluvial channels that were filled mostly with migrating 2-D 
(tabular cross beds) and 3-D (trough cross beds) dunes. The observed soft-sediment 
deformation demonstrate that these channels supported high rates of deposition, where 
water present in pore spaces escaped and deformed the sedimentary structures after the 
water flow was impeded (Owen, 1996). The presence of current ripples and root traces on 
the upper portion of these channels indicates lower flow velocity (e.g. Allen, 1968) and 
final abandonment of the channels. Paleocurrent directions (to the SE) indicate normal 
basinward flow of currents in the river channels. 
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Figure 4.4. A representative measured section through fluvial deposits of Facies Association T1, 
and palaeocurrent measurements derived from cross-strata. Annotations on the 
measured section correspond to facies (see Table 4.2). Measured section from Jim’s 
place (22-30 m). (A) Amalgamated channels with major basal erosion (dashed line). 
(B) Trunk casts at the base of channels, eroding coaly coastal plain of Facies 
Association T4. (C) Trough and tabular cross stratified sandstones commonly fill 
channels. Map and vertical location of photos: (A) Deception Creek, west of the 
study transect (20-23 m), (B) Fish Creek (310 m), (C) Deception Creek (38 m). 
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Facies Textures Structures Paleocurrent 
directions 








occasional mud and 
clay chips 
Tabular cross-




Unimodal 100°-160° Coaly wood 
fragments, wood 
casts, and rarely 
bones 
0.2-0.8 m thick, 
rarely reaching 1 m 
thick cross-sets in 
erosionally based 
lenticular units 0.3 m 
to 7 m thick 
Downstream 
migration of 2D 
dunes in channels 
2. Tabular cross-
stratification 
Very fine to lower-
medium-grained 
sandstones, 
occasional mud and 
clay chips.  
Tabular cross-





rich mud drapes 
lining foresets  
Bimodal: 40°-70° 
and 220°-250°; 80°-
160° and 330°-340° 
Coaly wood 
fragments, wood 
casts, plant debris 
and Teredolites 
borings towards the 
lower portion. In 






0.1-0.8 m thick 
cross-sets in 
erosionally based 
lenticular units 0.5 m 
to 7 m thick 
Migration of 2D 
dunes in channels 
with tide influence 
that sometimes grade 


















Migration of 2D 
dunes in delta front 
with fluvial and tide 
influence 
4. Tabular and 
trough cross-
stratification 
Very fine to lower-
fine grained 
sandstones 










surfaces lined by 
mudstone and 
sandstone rip-up 
clasts. 0.08-0.5 m 
thick cross-sets in 
flat based units. 
Migration of 2D and 
3D dunes in 
longshore/onshore 
channels in the upper 
shoreface or in 
longshore bars 
Table 4.2. Facies description. 
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Facies Textures Structures Paleocurrent 
directions 





Very fine-, fine- to 
medium-grained 
sandstones. Organic 










In some zones the 
cross-strata grades 







casts, plant debris, 
root traces 




Migration of 2D 
dunes on downstream 











Unimodal Coaly wood 
fragments, wood 
casts, and rarely 
bones 
0.15-0.3 m thick 
cross-sets in 
erosionally based 
lenticular units 0.3 m 
to 7 m thick 
Downstream 
migration of 3D 








Bimodal Coaly wood 
fragments, wood 
casts, plant debris 
and Teredolites 
borings 
0.3-0.5 m thick 
cross-sets in 
erosionally based 
lenticular units 0.5 m 
to 7 m thick 
Migration of 3D 
dunes in channels 









Unimodal  0.1-0.2 m thick 
cross-sets in 
erosionally based 
lenticular units 0.5 m 
to 1 m thick 
Downstream 
migration of 3D 
dunes in the delta 
front 
9. Current ripple 
laminated sandstone 







organic rich mud 
drapes lining foresets 
Unimodal 110°-160° Root traces Up to 0.05 m thick 
ripple sets, in flat-







abandonment of a 
channel or in 
overbank zone 
Table 4.2. Continued. 
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Facies Textures Structures Paleocurrent 
directions 
Trace fossils and 
biota 
Occurrence Interpretation 
10. Current ripple 
laminated sandstone 







organic rich mud 
drapes lining foresets 
 In some zones 







Up to 0.05 m thick 
ripple sets, in flat-






deposited during the 
abandonment of a 













rich mud drapes 
lining foresets, wavy 
and flaser bedding. 
-  0.005-0.02 m thick 
ripple sets, in flat-





are current ripples 
deposited during the 
abandonment of a 
tidal creek. Current 
ripples and 
symmetrical wave 
ripples deposited in 
intertidal flats 
fringing the sides of a 
tide influenced 









with mud drapes 
lining foresets and 
troughs. Top of the 
asymmetrical ripple 




130° and 280-360°, 
with important 320-
330 
 Up to 0.04 m thick 
ripple sets in 
coarsening upwards 
and blocky units 
Bidirectional current 
ripples deposited by 
tidal currents in the 
delta front 








places massive and 
sometimes soft-
sediment deformed.   
Bimodal: 145° and 
260°-280° with 
important 260°-280° 
 Up to 0.04 m thick 
ripple sets in 
coarsening upwards 
and blocky units 
Bidirectional current 
ripples deposited by 
tidal currents in the 
delta front of a bay-
head delta where 
mainly flood currents 
get preserved 
Table 4.2. Continued. 
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Facies Textures Structures Paleocurrent 
directions 
Trace fossils and 
biota 
Occurrence Interpretation 
14. Wave rippled 
sandstone 








mudstones at the 
base 
Ripples produced by 
oscillatory motion in 
the lower shoreface, 
during the waning 











  Wave ripples 
interbedded with 
current ripples in 
coarsening upwards 
and blocky units. 
Wave ripples have a 
wavelength 10-20 
cm 
Ripples produced by 
oscillatory motion in 
the delta front 
16. Current and wave 
ripple laminated 
siltstone 
Siltstone Asymmetrical ripples 
with organic rich 
mud drapes lining 





parallel bedded, and 
affected by soft 
sediment 
deformation 
  Structures at the base 
of coarsening 
upward units 
Current and wave 




storm waning in a 
prodelta zone. The 
plane-parallel beds 
would be deposited 
during the main phase 
of the storm, at higher 
velocities than the 















sandstone bedding is 
rhythmic 
 Minor bioturbation Flat-based units 
eroded by channels 
Rhythmic beds 
deposited in intertidal 
flats/tide influenced 
delta front 
Table 4.2. Continued. 
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Facies Textures Structures Paleocurrent 
directions 






mudstones, and coal 
Mudstone and 
siltstone 
Finely laminated or 
massive 
 Plant debris ,coal 
layers, coal clasts, 
mottles and root 
traces  
Flat-based units with 





Coal formed by 
deposition of plant 










organic rich mud 







units and towards the 




Upper flow regime 
currents depositing 
sandstone during the 
abandonment of a 
channel or in 
overbank zone 
20. Bioturbated silty 
mudstones and 
mudstones 
Silty mudstones and 
mudstones 
  Heavily bioturbated 
































of the Skolithos to 
Cruziana ichnofacies 
Flat-based units 







suspension in lower 
shoreface zone 
Table 4.2. Continued. 
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Facies Textures Structures Paleocurrent 
directions 



























of the Skolithos to 
Cruziana ichnofacies 
Flat-based units 
towards the middle 








wave action and 
currents during storm 
activity that affects 
the lower shoreface 











Rosselia trace fossils, 
characteristic of the 
Skolithos ichnofacies 
Flat-based units 




between 0.2-0.5 m 
Deposition from 
strong oscillatory 
currents set up during 
storms in the lower 
shoreface 
 










  Flat-based tabular 
units up to 2 m thick 
Deposition from 
swash-backwash 
processes caused by 
breaking waves in the 
foreshore zone 
25. Mudstone Mudstone   Scattered traces of 
Teichichnus and 
Planolites 




26. Inclined master 
surfaces 
Master surfaces 
overlain by organic 
rich mudstone 
intervals few 


















migration of a small 
delta front 
Table 4.2. Continued. 
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Facies Textures Structures Paleocurrent 
directions 








drapes in places 
Master bedding 
planes dipping 5° 
(occasionally up to 
20°). Superimposed 
10-30 cm thick high-
angle tabular cross-
beds. Current and 
sometimes climbing 
ripples, climbing up 
or down the lee face 
of the cross-beds. 
Unidirectional 60° Fine grained organic 
material in mud 
drapes 
Set between 0.5-1.5 




migration of dunes 
superimposed in tidal 
bars that migrate 
oblique to the main 




of equal strength. 
Mud drapes deposited 
during periods of 
slack-water. 
Table 4.2. Continued. 
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Facies Association T2: Tidal fluvial channels 
Facies association T2 consists of lower fine to lower medium-grained sandstones, 
within erosively-based (Figure 4.5A), lenticular, fining-upward and blocky units, up to 26 
m-thick in well logs (although some of the thicker packages can be a result of 
amalgamation of several smaller channels), forming single storey and multistorey 
channels. The sandbodies contain stacked sets of bipolar, tabular cross-stratified 
sandstones (Facies 2 in Table 4.2, Figure 4.5F), units showing low-angle accretion 
surfaces that contain smaller-scale cross strata, i.e., compound cross-stratified sandstones 
(Facies 27), and trough cross-bedded sandstones (Facies 7, Figure 5E). The thickness of 
the sets of tabular cross-strata ranges from 0.1-0.5 m, from 0.1-0.3 m. in the compound 
units, whereas sets of trough cross-beds are up to 0.5m thick.  
The master surfaces (master bedding planes of Allen, 1980) of the compound 
cross strata dip gently at an angle of 5º. These master surfaces have superimposed 
decimeter scale, high-angle cross strata sometimes with current ripples climbing up or 
down the lee face of the cross-beds. Current ripple lamination (sometimes climbing) 
(Facies 10 in Table 4.2, Figure 4.5F) and plane-parallel lamination (Facies 19) 
(sometimes heterolithic) is found at the top of the channeled units. Mudstone rip-up clasts 
(Figure 4.5C), trunk casts (Figure 4.5B), plant debris, Teredolites borings (Figure 4.5D), 
and sometimes tool marks are found at the base of the channels. Carbonaceous mud 
drapes (sometimes double mud drapes) are occasionally found within these sandbodies 
(Figure 4.5G). Soft sediment deformation is common. Single-storey channels usually 
interfinger with coastal-plain mudstones (Facies Associations T4) or tidal flat and marsh 
mudstones/siltstones (Facies Associations T3) (Figure 4.5A). 
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Figure 4.5. A representative measured section through tidal-fluvial/estuarine channels of Facies 
Associations T2, and palaeocurrent measurements derived from cross-strata. 
Annotations on the measured section correspond to facies (see Table 4.2). Measured 
section from Castor Gulch (145.5-150 m). (A) Lower-fine to lower-medium grained 
sandstones within blocky channels, eroding coastal-plain mudstones and coal 
(Facies Association T4) (bottom of the picture). Log casts (B), muddy rip-up clasts 
(C), and Teredolites borings (D) are commonly found at the base of the channels. 
The channels are filled with trough cross-bedded sandstones (E) and more 
commonly with bidirectional tabular cross-bedded sandstones (F). Ripple cross 
lamination is found towards the top of the channel fills (F). The channel fill is 
commonly heterolithic with organic-rich mud drapes within tabular cross-stratified 
sandstone foresets (G). Map and vertical location of photos: (A) Jim’s place (156-
157.5 m), (B) Jim’s place (125 m), (C) Castor Gulch (218 m), (D) Highway 13 
(30.5 m), and (E) Castor Gulch (264.3 m), (F) Jim’s place (133.8 m), (G) Jim’s 
place (187 m). 
 129
Figure 4.5. Continued. 
The multistorey channels erode down into marine shoreface/deltaic shoreline 
units (Facies Association R2), and sometimes even down into offshore mudstones (Facies 
Association T5). These large channels can display tabular cross-bed sets up to 0.8 m thick 
when filling paleotopographic lows up to 14 m deep. The cross-stratified sandstones have 
high-angle foresets, and locally display reactivation surfaces and systematic lateral-
variation in bottomset thickness and muddiness. These rocks can be interbedded with 
very fine to fine-grained heterolithic, ripple cross-laminated (Facies 10) (Figure 4.5H, 5I) 
to plane-parallel laminated sandstones (Facies 19) and mudstones (Facies 25), and 
display a fining and thinning upward trend with increased bioturbation towards the top. 
The degree of bioturbation is moderate and characterized by the appearance of 
Ophiomorpha, Skolithos, Planolites, Teredolites, and Diplocraterion. Mudstones contain 
scattered traces of Teichichnus and Planolites. 
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Paleocurrent directions derived mainly from tabular cross-beds and some current 
ripples indicate a predominant E-SE direction, but with an associated lesser NW trend. 
Also bimodal NE and SW trends are locally found. Paleocurrent measurements from 
composite cross strata show a dominant NE direction. 
In well logs Facies Association T2 cannot be distinguished from T1, therefore the 
lateral facies change from Facies Association T2 to Facies Association T1 is based on the 
first occurrence of Facies Association T1 in the outcrop. 
Interpretation:  
The lenticular shape of the deposit, its fining upward nature, the predominance of 
tabular cross-strata, the bidirectional paleocurrents with predominance of E-SE 
directions, the compound cross-stratification, the mud drapes, the Teredolites burrows, 
the plant debris and trunk casts, and the absence of marine ichnofauna strongly suggest a 
tidal-fluvial channel (e.g. Allen, 1991; Plink-Bjorklund, 2005), just basinwards of the 
tidal limit, where the net sediment transport is downstream (ebb-directed) (Dalrymple et 
al., 1992).  
The predominance of stacked sets of tabular cross strata indicates an environment 
dominated by 2-D dunes, a feature very common on tide-influenced, sand-rich estuarine 
channels and flats (Dalrymple and Choi, 2007). The paleocurrent directions derived from 
bipolar tabular cross-beds indicate reversing currents with a dominant E to SE direction 
that can be interpreted as ebb-currents. The compound cross-strata with decimeter scale 
cross-beds separated by low-angle master bedding planes indicate that the dominant (NE) 
and subordinate currents were of sub-equal strength (Allen, 1980) (e.g. Plink-Bjorklund, 
2005). The mud drapes are a product of slack-water periods, in particular double mud 
drapes are interpreted as being deposited in quiet periods between the dominant and 
subordinate currents, where the amount of sand deposited by the subordinate current is 
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small, producing the near-amalgamation of the mud drapes (Dalrymple, 1992) (e.g. 
Visser, 1980). Teredolites wood borings indicate brackish-water influence (e.g. Shanley 
et al., 1992; Martinsen et al., 1999). 
Soft sediment deformation and climbing ripples indicate that these channels 
supported high rated of deposition, which can be expected in the proximal part of an 
estuarine system where fluvial processes dominate (Dalrymple et al, 1992). 
The high relief (up to 14 m deep) multistorey channels that erode into the 
shoreface/deltaic facies associations, that display high-angle tabular cross beds, that fine 
and thin upwards into heterolithic rippled sandstones, plane-parallel laminated sandstone 
and mudstones, with increasing bioturbation towards the top of the succession are 
interpreted as incised valleys (e.g. see also Crabaugh, 2001; Leckie and Singh, 1991; 
Allen and Possamentier, 1994) of small size. The high-angle, cross-stratified sandstones 
with reactivation surfaces and laterally thickening and thinning of bottomsets, can be 
interpreted as sub-tidal bedforms (Nio and Yang, 1991). The lack of bioturbation and 
mud-drapes may indicate that these sandstones were deposited close to the tidal limit, 
probably in the axis of a tidal-fluvial channel (Dalrymple, 1992). The overlying 
heterolithic rippled sandstones with increasing bioturbation could have been deposited in 
a meandering tidal-fluvial channel, whereas the plane-parallel laminated sandstone are 
interpreted as an upper-flow regime sand flat (Dalrymple, 1992). This transgressive 
facies succession is overlain by bioturbated mudstones representing the maximum 
flooding of the valley, probably in the muddy distal part of the estuary. The icnnofacies 
association observed in the sandstones include Skolithos and Cruziana ichnofacies. This 
can be interpreted as an impoverished marine assemblage, characteristic of brackish 
water (e.g. Howard and Frey, 1973). 
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Facies Association T3: Tidal flats and marshes 
This facies association is composed of organic rich mudstones, siltstones, and 
coal beds (Facies 18 in Table 4.2). Intervals of mudstones and siltstones are between 0.1-
17 m thick, whereas the coal beds are few tens of centimeters to couple of meters thick. 
The mudstones and siltstones are massive (Facies 18), occasionally rooted (Figure 4.6A) 
and mottled, contain plant debris/coal clasts (Figure 4.6B) and sometimes scattered 
jarosite. These facies associations sometimes contain 0.05-0.1 m thick tabular, very fine- 
to lower-fine-grained sandstone beds. These sandbodies are usually current-ripple 
laminated and rarely wave rippled, sometimes heterolithic with organic- rich mud drapes 
and flaser bedding (Facies 11 in Table 4.2) (Figure 4.6C). Facies 18 get eroded by 
lenticular heterolithic lower-fine grained sandbodies up to 3 m thick (Figure 4.7). They 
are formed by often bipolar tabular cross-bedded sandstone 0.1-0.4 m thick (Facies 2), 
low-angle composite tabular cross-bedded sandstones (Facies 27), and current rippled 
sandstones, sometimes wavy and flaser bedded (Facies 11) (Figures 4.6D and E) 
interbedded with finely laminated sandstone-mudstone (Facies 17) towards the top of the 
succession. Many times the cross-strata sets are interbedded with massive mudstone beds 
(Facies 18) 0.1-0.5 m thick. These facies associations often display soft sediment 
deformation, mudstone rip-up clasts and Teredolites burrows at the base of the channels.  
In places, this facies association becomes sandier vertically and consists of 
rhythmically interbedded (0.1-0.2 m) dark gray mudstone and whitish siltstone/very fine 
sandstone and siltstone (Facies 17) or massive mudstone (Facies 18) and very fine to 
upper fine-grained tabular sandstone units,0.1-1.5 m thick. These sandbodies contain 
current ripples (Facies 11) and rarely tabular cross-beds few tens of centimeters thick 
(Facies 2). In places soft sediment deformation and mudstone rip up clasts can be found 
towards the base of the units. These flat-based tabular sandbodies become eroded in 
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places by lenticular units 1.5-2 m thick (Appendix 4.1). The latter are composed of upper 
fine to lower medium-grained sandstones that display tabular-cross strata (Facies 2) 
bipolar in places and current ripple lamination (Facies 10). The tabular cross-beds are 
0.1-0.5 m thick. Towards the base of the channels mudstone rip-up clasts can be found. 
The lenticular units composed of facies 2 and 11 are overlain by heterolithic sandstones 
of Facies Association R3. 
Paleocurrent measurements from lenticular units in the muddier zones indicate 
bidirectional SE-NW currents, with a dominant SE component (Figure 4.6). The number 
of paleocurrent measurements from other units was not enough to make statistically 
significant interpretations (Figure 4.6). 
Interpretation: 
The homogeneous thick mudstones/siltstones rich in organic matter with 
interbedded coal layers, presence of jarosite, and thin rippled sandstone beds are 
interpreted as tidal flats or mud flats. This environment is characterized by the deposition 
of fine sediment from suspension and flocculation muds interbedded with sand layers 
(Reading and Collinson, 1996). The jarosite indicates the presence of brackish water (e.g. 
Pons, 1973; Dent, 1986). The thin current and wave-rippled sandstone beds are deposited 
by stronger currents, sometimes as the high tide water level falls (Reineck and Singh, 
1980). The lenticular heterolithic sandbodies with mudstone rip-up clasts and Teredolites 
burrows at their base, current ripples, wavy and flaser bedding (Facies 11), low-angle 
composite tabular cross-beds (Facies 27), and bipolar tabular cross-beds (Facies 2) 
(Figure 4.6) are interpreted as the infills of tidal creeks. Flaser and wavy bedding 
indicates deposition from reversing tidal currents, where rippled sands are deposited by 
the ebb/flood current and the mud drapes are deposited during periods of slack water 
(Reineck and Singh, 1980). Teredolites wood borings indicate brackish-water influence 
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(e.g. Shanley et al., 1992; Martinsen et al., 1999). The low angle compound cross-strata 
represent compound dunes, which are particularly abundant in subtidal sandy 
environments (Dalrymple, 1992). These are produced when the dominant and subordinate 
currents are of similar strength (Allen, 1980). Bidirectional SE-NW paleocurrents from 
tabular cross beds, with a dominant SE component (Figure 4.6) indicate bipolar tidal 
currents with a dominant flood current. 
The coal layers, rooted and mottled horizons represent the highest part of the tidal 
flat to supratidal zone where peat is developed (Dalrymple, 1992). 
The rippled tabular sand beds (Facies 11) that alternate with rhythmically 
interbedded dark gray mudstone and whitish siltstone/very fine sandstone and siltstone 
(Facies 17) are interpreted as the deposits of mid-tidal flats or mixed flats (e.g. Dalrymple 
et al, 1990, Rebata et al., 2006; Nichol et al., 1997). The interbedded mudstone and 
siltstone/very fine sandstone and siltstone are inferred to be the product of tidal currents 
that are too slow to produce ripples and deposit sand/silt layers from suspension that 
alternate with mud (Dalrymple, 1992). During periods of higher tidal current energy the 
rippled tabular sand beds are produced. The mudstone rip-up clasts at the base of some 
units represent mudstone erosion events during spring tides (e.g. Dalrymple et al, 2003) 
The sometimes bipolar tabular cross-bedded (Facies 2) and rippled sandstones (Facies 
10) that form the lenticular units that erode the tabular sandbodies are interpreted as tidal 
creeks. In the channels the bipolar tidal currents are important and can reach higher 
velocities than in the flats producing dunes (Reineck and Singh, 1980). 
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Figure 4.6. Representative measured sections through Facies Association T3: Tidal flats and 
marshes. Annotations on the measured sections correspond to facies (see Table 4.2). 
Top measured section from Jim’s place (130-137 m) shows lenticular units in 
muddier zone. Bottom measured section from Highway 13 (0-5 m) shows lenticular 
and tabular units in sandier zone. (A) Very fine-grained rooted sandstone eroding a 
siltstone bed. This facies association is characterized by heterolithic sandstones with 
very fine-grained sandstone with flaser (B, C, and D) and wavy bedding (D and E) 
and coaly mudstones (lower zone of B). Map and vertical location of photos: (A) 
Jim’s place (130.8 m), (B) Jim’s place (131 m lateral equivalent), (C) Jim’s place 
(132 m), (D) Fish Creek (212.5). 
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Figure 4.7. Facies Association T3: Tidal flats and marshes. Lenticular heterolithic sandbody eroding organic-rich mudstones and 
siltstones (Facies 18). The white dashed lines mark erosion surfaces. The lenticular sandbody is formed by bipolar tabular 
cross-bedded sandstone and current rippled sandstones with Teredolites burrows at the base of the unit. These beds are 
interpreted as the infill of tidal creeks. 
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Facies Association T4: Coastal-plain mudstones/siltstones/sandstones 
This facies association consists of very fine to fine-grained current-rippled (Facies 
9 in Table 4.2) (Figure 4.8B) and plane-parallel laminated sandstones (Facies 19) (Figure 
4.8C), fine to medium-grained high-angle cross-stratified sandstones (Facies 1), and 
interbedded siltstones and carbonaceous mudstones (Figure 4.8A, and 7D), and coal 
(Facies 18). Within this facies association, the sandstones present lenticular and sheet-
like geometry. The lenticular sandstones are commonly grouped in lithosomes having a 
ribbon-shaped, three-dimensional geometry. These channel forms and their infills are 1.0-
7.0 m thick (Figure 4.8A), and display low width/thickness ratios. They typically fine-
upwards (Figure 4.8A) and contain abundant, finely-disseminated carbonaceous material, 
coal clasts, mottles and root traces. Coal beds are 0.1-1.5 m thick (Figure 4.8E) and are 
interbedded with mudstones and siltstones. Sheet sandstones usually coarsen upwards, 
are 0.5-2.0 m thick, composed of very fine to fine-grained, many times heterolithic 
current-rippled sandstones (Facies 9) and plane-parallel laminated sandstones. In well 
logs this facies association cannot be distinguished from the previously described 
brackish/tidal flats/central basin mudstones facies association and in such cases they have 
been grouped together as coastal-plain deposits. 
Interpretation: 
The common occurrence of roots, carbonaceous mudstones and siltstones, and 
coal provides evidence to support a coastal-plain interpretation for facies association T4. 
Sheet sandstones are crevasse-splays deposited on the alluvial floodplain. Small ribbon-
shaped channels, 0.5-2.0 m deep, closely associated with the sheet sandstones, are 
interpreted as crevasse channels. Thicker ribbon-shaped sandstone lithosomes displaying 
a fining-upward succession of lithologies, abundance of carbonaceous material, and 
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common unidirectional, high-angle cross-stratification suggest deposition within fluvial 
channels. 
Facies Association T5: Offshore to lower shoreface  
Very fine to fine-grained hummocky cross-stratified sandtones (Facies 22 in 
Table 4.2), interbedded with very fine to fine- grained wave-rippled sandstone (Facies 
14), heavily bioturbated silty mudstones and less heavily bioturbated mudstones (Facies 
20). The facies are arranged in units that show a coarsening-upward trend, with 
bioturbated beds characterized by Teichichnus, Planolites, Terebellina, Chondrites, and 
Paleophycus trace fossils, typical of the Cruziana to Zoophycus ichnofacies (Pemberton 
et al., 1992). The degree of bioturbation decreases upwards. 
Interpretation: 
The 1) low sand/mud ratio and the heavy bioturbation of the finest grained rocks 
with the Cruziana-Zoophycus ichnofacies near the bottom of the succession, and the 2) 
predominance of wave ripple-lamination and hummocky cross-stratification near the top 
of the succession are evidence for deposition below fair-weather wave base in a offshore 
zone that shoaled upwards to a storm wave-influenced lower shoreface environment. 
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Figure 4.8. Representative measured sections through coastal-plain 
mudstones/siltstones/sandstones of Facies Association T4. Annotations on the 
measured sections correspond to facies (see Table 4.2). Top measured section from 
Castor Gulch (336-337 m). Bottom measured section from Jim’s place (10-12.5 m). 
(A) Small channels are filled with very fine- to fine-grained sandstones and erode 
organic rich mudstones. Common sedimentary structures are ripple lamination that 
can be heterolithic (B) and plane-parallel lamination (C). Mudstones are organic 
rich and contain coal clasts (D).Coal beds are few meters thick and have been 
mined in places (e.g. Oak Creek). Figure 4.8E shows an old small coal bed 
extraction point. Map and vertical location of pictures: (A) Highway 13 (55-63 m), 
(B) Deception Creek (24.8 m), (C) Jim’s place (200 m), (D) Highway 13-3 (0 m), 
and (E) Fish Creek (303-308 m). 
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Regressive Facies Associations 
Facies Association R1: Tidal-influenced delta front and fringing tidal flat 
Complete successions of Facies Association R1 are up to 9 m thick. Each 
succession coarsens upward from 0-3 m thick mudstone (probably Facies 20 in Table 
4.2), to 0-40 cm of siltstone to very-fine grained sandstone overlain by 0.4-3 m thick 
siltstone to lower-fine-grained sandstone. The middle part of each succession comprises 
interbedded siltstones to very fine sandstones (2cm) with millimeter to few centimeters 
thick mudstones (Facies 17). The upper part of such successions consists of coarsening 
upward, gradational based siltstones to lower-fine-grained sandstones and sometimes 
sharp based, blocky very fine grained sandstones. This upper zone presents heterolithic 
current rippled sandstones with preserved crests that may have been reworked by waves 
(Facies 12) (Figure 4.9A). Organic rich mudstone is present lining foresets, troughs and 
sometimes ripple crests. Above the reworked ripple crests, sandstone is deposited parallel 
to this undulating surface( like in-phase climbing ripple laminae with 10-20 cm 
wavelength). Sometimes 20-30 cm tabular cross beds (Facies 3) top the succession. 
The highest part of the complete succession is eroded on top by tidal-fluvial 
channels (Facies Associations T2). 
Paleocurrent directions from current ripples are predominantly to the NW, with a 
subordinate SE direction in the sharp-based successions, whereas WSW directions with 
subordinate NE currents are common in the gradationally based units (Figure 4.9). 
The upward-coarsening R1 successions grade laterally to 10.5 m thick 
successions of mudstones (probably Facies 20) overlain by 0.5 m thick mudstone-clasts 
conglomerate with soft sediment deformation. The conglomerate is overlain by 3 m of 
interbedded heterolithic siltstones to very fine-grained sandstones and non-heterolithic 
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very fine-grained sandstones. The heterolithic unit is flat based, few tens of centimeters 
thick and is formed by wave rippled sandstones with mud drapes lining foresets and 
ripple crests (Facies 15) (Figure 4.9B) and interbedded rippled siltstone and organic rich 
mudstone displaying flaser structures (Facies 16) (Figure 4.9C). In places the siltstone is 
plane-parallel bedded, and affected by soft sediment deformation (Facies 16) (Figure 
4.9D). The non-heterolithic sandstones are is flat based, few tens of centimeters thick and 
composed of massive to sometimes current rippled sandstones (Facies 11). The highest 
part of the complete succession is eroded on top by tidal-fluvial channels (Facies 
Associations T2). 
Interpretation: 
The 9 m thick, gradationally based or sharp-based coarsening-upward successions 
from mudstones to rippled sandstones eroded on top by Facies Associations T2 are 
interpreted as delta-front deposits eroded by distributary channels. The heterolithic nature 
of the middle and upper part of each succession suggests that this delta was tide-
influenced (e.g. see also Hori et al., 2002). The millimeter to centimeter thick interbedded 
siltstones/sandstones and mudstones in the middle part of each succession is interpreted 
to represent sand-mud couplets that are commonly found on tide-influenced delta fronts 
(e.g. Hori et al., 2002, Dalrymple et al, 2003). The absence of bioturbation indicates that 
the rate of sedimentation was probably high, possibly in the proximal parts of the delta 
front.  
The heterolithic, wave-modified rippled sandstones in the middle part of the 
succession are interpreted to represent tidal ridges on the subaqueous delta plain. Such 
ridges are commonly composed of medium to large- scale cross-stratification, but ripple 
cross lamination may also be produced under low current velocity conditions (Dalrymple 
et al,1978). The wave modification observed in the current ripples could have been 
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created during or after the emergence of the intertidal parts of the ridge, when wave 
action can be important (e.g. Dalrymple et al., 1990). The mudstone drapes are inferred to 
have been deposited during slack water periods in a tidal cycle (e.g. Shanley et al., 1992). 
The rare tabular cross beds on top of the succession represent the migration of 2-D dunes 
during periods of higher current velocities. 
Dominant WSW paleocurrent directions in the delta-front successions indicate 
ebb-oriented tidal currents in the subaqueous delta plain, near the active distributaries 
(see also Dalrymple et al., 1992). The dominant NW directions within the sharp-based 
units can be interpreted as flood directed tidal currents in the abandoned parts of the delta 
plain (Dalrymple et al., 1992). In this zone tidal current scour in the channels between the 
ridges may be responsible for the sharp based sand ridges (Allen et al., 1979). 
The laterally equivalent unit, composed of an alternation of flat based, heterolithic 
and non-heterolithic units is interpreted as tidal flat deposits fringing the delta. The 
rippled sandstone beds were deposited on the tidal flats as the high-tide water level fell 
(Reineck and Singh, 1980). Flaser bedding and mud drapes indicate the presence of 
reversing tidal currents, where rippled sands were deposited by the ebb/flood current and 
the mud drapes were deposited during periods of slack water (Reineck and Singh, 1980). 
The non-heterolithic units are interpreted as formed during periods of higher current 
energy, where the mud drapes produced during slack-water periods became reworked. 
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Figure 4.9. A representative measured section through tide-influenced delta front of Facies 
Associations R1, and palaeocurrent measurements derived from cross-strata. 
Annotations on the measured section correspond to facies (see Table 4.2). 
Measured section from Castor Gulch (255-265.5 m). (A) Current-rippled 
sandstone with preserved crests that may have been reworked by waves. (B) 
Very fine-grained wave-rippled sandstone. (C) Current-rippled siltstone with 
flaser bedding. (D) Interbedded siltstone-mudstone with plane parallel 
lamination exhibiting soft sediment deformation. Map and vertical location of 
photos: (A) Castor Gulch (263 m), (B) Castor N2 (11.3 m), (C) Castor N2 (13.5 
m), and (D) Castor N2 (13.5 m). 
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Facies Association R2: Wave-dominated delta/shoreface deposits 
Complete successions of Facies Association R2 are up to 30 m thick and 
gradationally (sometimes sharply) overlie the mudstones of Facies Association T5. Each 
succession coarsens upwards and can be divided into a lower, a middle, and an upper 
zone. The lower part of the succession consists of up to 20 m thick coarsening- and 
thickening-upward, very fine to fine-grained, hummocky cross-stratified sandstones 
(Figure 4.10A) and structureless or low angle cross-bedded sandstones that are probably 
also hummocky in the larger scale (Facies 22 in Table 4.2). Rarely, the hummocky cross-
stratified sets or cosets are underlain by an erosive surface with mudstone and sandstone 
chips. Sometimes the hummocky cross-stratified sandstones occur interbedded with 
wave-rippled sandstones (Facies 14) and bioturbated mudstones (Facies 21), displaying 
load structures in places (Figure 4.10B), with sandstone/mudstone ratios and bed 
thickness increasing upwards. The degree of bioturbation is moderate with Ophiomorpha 
(Figure 4.10D), Planolites, Thalassinoides (Figure 4.10C) and Paleophycus trace fossils 
characteristic of the Skolithos to Cruziana ichnofacies (Pemberton et al., 1992). 
The middle part of the succession also consists of up to 20 m thick coarsening- 
and thickening-upward, fine to medium-grained sandstones with rare interbedded 
mudstone. The sand succession is composed by up to 15 m thick swaley cross-stratified 
sandstones (Facies 23) near the base, through up to 10 m tabular and trough cross-
stratified sandstones (Facies 4) (Figure 4.10E) on top. The swaley sandstones have set 
thicknesses 20-50 cm thick, whereas the higher-angle cross-strata sets are 8-50 cm thick. 
The degree of bioturbation is moderate with Ophiomorpha, Thallassinoides, Skolithos, 
and Rosselia trace fossils, characteristic of the Skolithos ichnofacies (Pemberton et al., 
1992). 
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Figure 4.10. Representative measured sections through wave-dominated delta/shoreface deposits 
of Facies Associations R2. Annotations on the measured sections correspond to 
facies (see Table 4.2). Measured section to the left from Fish Creek (174-202 m) 
and to the right from Berry Gulch (134-154 m). (A) Hummocky cross-stratified 
sandstone. (B) Interbedded sandstone-mudstone with load structures. This facies 
association is characterized by the presence of Thalassinoides (C) and 
Ophiomorpha (D) trace fossils. (E) Trough cross-stratified sandstone. Map and 
vertical location of photos: (A) Fish Creek (206.8 m), (B) Fish Creek (207.3 m), (C) 
Fish Creek (188 m), (D) Castor N2, (E) Fish Creek (197.8 m). 
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There is an upper part of the succession present in a few places that consists of up 
to 2 m thick, very fine grained sandstone with low-angle cross stratification and plane-
parallel lamination (Facies 24 in Table 4.2). 
Interpretation: 
Hummocky cross-stratification in the lower part of the successions of Facies 
Association R2 is formed by combined-flow wave and current action during storm 
activity that affects the lower shoreface (e.g. Duke 1985; Southard et al. 1990). Units of 
hummocky cross-stratified sandstones interbedded and overlain with wave-rippled 
sandstones and bioturbated mudstones reflect storm to fair-weather cycles. The 
hummocky cross-stratification is produced by high velocity currents at the beginning of 
the storm. The rare basal rip-up clasts indicate erosion and reworking during peak storm 
flow (e.g. Hayes, 1967; Kumar and Sanders, 1976). When the storm began to wane and 
fair weather set in the, rippled sands were deposited, and finally mud was deposited on 
top of the units (e.g. Howard and Reineck, 1981). The upward increase in 
sandstone/mudstone ratios and bed thickness indicate overall shallowing of the 
depositional environment. All the above, together with the presence of Skolithos and 
Cruziana ichnofacies indicate a lower shoreface environment of deposition. 
The swaley cross-stratified sandstone in the middle part of the successions of 
Facies Association R2 is interpreted to have been deposited in response to strong 
oscillatory currents set up during storms (e.g. Duke 1985; Southard et al. 1990). The rare 
presence of preserved mudstone suggests a middle to upper shoreface environment. The 
overlying cross stratified sandstone represents the migration of bars in response to 
longshore/onshore currents in the upper shoreface (e.g. Clifton et al. 1971; Greenwood 
and Mittler 1985). All the above together with the coarsening upward nature of this 
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succession characterized by the Skolithos ichnofacies, suggest deposition in middle to 
upper shoreface. 
Plane-parallel lamination and low-angle cross stratification records swash-
backwash processes caused by breaking waves (e.g. Thompson, 1937; Clifton, 1969) 
present in the foreshore zone. The low-angle laminated sandstones are interpreted as 
being deposits from suspension clouds, brought by incoming waves in the foreshore zone 
(Thompson, 1937). The overall sedimentologic character of successions of Facies 
Association 2 indicates deposition of a prograding strandplain or wave dominated deltaic 
shoreline.  
Facies Association R3: Bay-head delta 
Facies Association R3 is composed of coarsening-upward and blocky sandstone 
units up to 5 m thick. The deposits are overlain by distributary channels (Facies 
Associations T1) or tidal-fluvial/estuarine channels (Facies Associations T2) and 
prograde into mudstones or pre-existing topography created by fluvial channels (Facies 
Associations T1) (Figure 4.11C). The individual beds that compose these units are 
arranged in a large-scale, forward-accreting/prograding and downlapping fashion (Facies 
26 in Table 4.2) (Figure 4.11C). The basal contact, where exposed, is gradational up from 
mudstone-siltstone deposits. 
One of the best exposed examples occurs on Highway 13, where the coarsening-
upward succession consists of inclined master surfaces within, very fine-, fine- to 
medium-grained heterolithic sandstones. The sandstones display tabular (Facies 5) and 
trough cross-stratification (Facies 8) (Figure 4.11A), though sometimes structureless. The 
foresets (or distance between the master surfaces) tend to increase in thickness (e.g. from 
10 to 50 cm) updip in the accreting unit.. Towards the base of the succession current 
ripples (Facies 13 in Table 4.2) occur in some zones. The upper portion of the succession 
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displays plane-parallel laminated sandstones sometimes rooted (Facies 19) (Figure 
4.11B). There is also an organic-rich mudstone component within the foresets of the 
accreting unit, usually a few millimeters to 10 cm thick, mainly overlying the master 
surfaces. In some zones where the base of the succession is exposed there is a very fine-
grained muddy sandstone with carbonized leaves, log chip casts and muddy rip up clasts 
(few cm) arranged in a disorganized fashion.  
In other examples of this association the succession is composed of lower-
medium sandstones with soft-sediment deformation and organic-rich mud chips up to 40 
cm long. Again, this facies association has prograded into and filled the topography 
created by channels (Facies Associations T1) and is eroded on top by a distributary 
channel (Facies Associations T1). Master surfaces dip 10°-20° to the SE (Figure 4.11C), 
whereas paleocurrent measurements derived mainly from contained tabular cross-beds 
show a strong W to NW paleoflow component (Figure 4.11C). 
Interpretation: 
The broadly coarsening-upward nature of these deposits, together with their 
prograding geometry, gradational base, and the capping erosion by channels is consistent 
with the presence of a small-scale delta environment. The fact that these prograding 
deltas are so modest in their height (maximum 5 m) and that they downlap into pre-
existing topography and brackish, organic-rich muddy facies (possible central basin or 
bay environment), strongly suggest they represent bay-head deltas. The heterolithic 
nature of these accreting units, with organic- rich mudstone overlying the master surfaces 
suggests periods of slack-water during tidal cycles. Southeastwards downlapping master 
surfaces indicate basinward progradation of the small deltas, whereas the westerly to 
northwesterly paleocurrent directions of the superimposed cross-beds strongly suggest an 
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important landward paleoflow direction that can be explained as a product of flood tidal 
currents. 
The soft sediment deformation with rip-up clasts in some zones indicate episodes 
of rapid discharge that transport mudstone clasts that where ripped up landwards, by the 
feeder channel. 
Facies Association R4: Fluvial channels (same as T1) 
Facies Association R5: Flood plain mudstones/siltstones (same as T4) 
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Figure 4.11. A representative measured section through bay-head delta deposits of Facies 
Associations R3, and palaeocurrent measurements derived from cross-strata. 
Annotations on the measured section correspond to facies (see Table 4.2). Trough 
cross-stratified sandstones (A) and plane-parallel laminated sandstones (B) 
superimposed in inclined master surfaces (see C). (C) View of bay-head delta 
deposit in Highway 13, Colorado. The yellow lines depict the inclined master 
surfaces representing delta progradation and downlap onto pre-existing topography. 
The bay-head delta is eroded on top by its distributary channel (white dashed line 
shows the erosion surface).  
 151
PICKING THE 4TH-ORDER SEQUENCES 
A ‘genetic sequence’ approach (Galloway, 1989) was adopted where sequences 
are bounded by maximum flooding surfaces, and have a regressive-to-transgressive 
architecture. This choice was made because it was generally easier to pick maximum 
flooding surfaces than erosive sequence boundaries in well logs and also these surfaces 
are easier to follow in the outcrop. Eleven of these sequences were picked in the study 
area and correlated across the belt within which they repeatedly developed. 
In the medial reaches of the larger scale transect (Figure 4.2), where widely 
oscillating shorelines were developed, sequences were relatively easy to pick, and the 
typical depositional ‘sequence’ is characterized from bottom to top by (Figure 4.12 and 
Appendix 4.2): (1) dark marine shales containing the maximum flooding surface (Facies 
Associations T5), (2) upward-coarsening (sometimes more blocky) marine delta-front 
siltstones and sandstones with wave- and/or tide-generated sedimentary structures (Facies 
Associations R1and R2) that pass upwards from , and interfinger distally with, prodelta 
shales (Facies Associations T5), (3) erosively-based (sequence boundary) tidal-estuarine 
channels (Facies Associations T2), and (4) brackish to marine mudstones (Facies 
Associations T3/T5) containing the sequence’s upper maximum flooding surface or 
eventually (in more distal sites) a few meters of bioturbated, transgressive sandstone 
overlain by marine shales with the maximum flooding surface. The thickness of such 
sequences in the medial reaches of the clastic wedge generally ranges between 20 and 95 
m (65.6 and 311.6 ft) (Appendix 4.2). 
A few kilometers landwards from the zone where shorelines are developed, the 
sequence has another character namely (Figure 4.12, proximal II zone, and Appendix 
4.2): (1) tidally influenced coastal-plain mudstones (Facies Associations T3 to T4) and 
 152
sometimes an upward-coarsening bay-head delta succession (Facies Associations R2) 
overlying the maximum flooding surface, (2) erosively-based (sequence boundary) 
fluvial (Facies Associations T1), tidal-fluvial or estuarine channels (Facies Associations 
T2), and (3) coastal-plain mudstones with brackish water traces, containing the capping 
maximum flooding surface (Facies Associations T3). At locations near the seaward 
termination of the shorelines the most persistent upward-coarsening deltaic units are both 










Figure 4.12. 4th-order sequence model for the proximal II and medial reaches of the 
system. SB=sequence boundary (red line), mfs=maximum flooding surface 
(blue dashed line).  
 
 153
4TH ORDER SHORELINE PROGRADATION 
Within the Iles Clastic Wedge I identified eleven 4th-order sequences (Appendix 
4.2), named after the Iles sandstones they contain. Some of the thinner and less laterally 
persistent Iles sandstones, Iles 4-5 and Iles 7-9, were grouped together into single 4th-
order sequences. This was done because each of these sandstones and their genetically 
related mudstones are very thin (less than 20 m or 65.6 ft thick) and were of limited 
downdip extent (Appendix 4.2). 
Within the 2-D study reach of the larger-scale transect (Figure 4.2), the large-
scale Iles Clastic Wedge shows five main phases of marked shoreline progradation, 
interspersed with phases of landward retreat of shorelines (Figure 4.13). Three of the 
progradational phases occur during overall regression and two during overall 
transgression of the larger 3rd-order wedge. The first progradational phase is composed 
by the shorelines of Iles 1-3, reaching an overall shoreline progradational distance of 96 
km within the study transect.. The second phase is represented by Iles 4-6, and records an 
overall progradational distance of 74 km. Finally, Iles 7-10 grew forward by some 76 km. 
The maximum progradation values for each phase, at least as seen in this 2-D transect, 
represent at least local R-T turnarounds within the Iles Clastic Wedge. Without more 
along-strike data, it is difficult to tell how extensive these phases are. It is notable that the 
most extensive shorelines, i.e. in Iles 3, 6, and 9/10, show valley incisions in outcrops 
(Figure 4.14) (see also Crabaugh 2001) and well logs. Iles 10, which marks the peak 
progradation of the 3rd-order Iles Clastic Wedge shows incised valleys in well logs. The 
absence of incised valleys in outcrops may be due to Iles 10 cropping out in only one 
accessible location. During overall 3rd-order transgression the two progradational phases 
developed are composed of sequences Iles 11-12 and Iles 13-14 (Figure 4.13). 
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The presence of incised valleys in Iles 3, 6, 9/10, the most extensive ones, 
strongly suggest periods of forced regression of these Iles shorelines. The 2-D well 
transect (Appendix 4.2) shows that the Iles sequences in the 3rd-order regressive limb of 
the wedge have more extensive and more continuous marine shorelines than those in the 
transgresive limb. 




Figure 4.14. Incised valley developed on top of shoreface deposits of Iles 6. The red line marks the base of the incision, while the 
white dashed line marks the top of it. Outcrop location from Castor Gulch. See Crabaugh, 2001 for details 
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COMMENTS ON THE BACKSTEPPING VS FORWARD-STEPPING 
SHORELINES OF THE 3RD-ORDER WEDGE  
The Iles Sandstones are exposed along nearly continuous outcrops south of the 
town of Craig (Figure 4.1). Here (as well as in well logs in the same area), the Iles 
Sandstones corresponding to the regressive part of the wedge (Iles 1-10) are very 
different from the Iles transgressive shorelines (Iles 11-14). The regressive shorelines 
appear continuous along dip and strike portions of the transect (Appendix 4.2), whereas 
the transgressive shorelines are discontinuous and rarely recognized in outcrops 
(Appendix 4.2 and Figure 4.15). The difference in the geometry of the regressive and 
transgressive sandbodies is driven by the different agents that influenced the deposition 
during regression and transgression times. The regressive shorelines display facies 
associations corresponding to wave-dominated deltas (Facies Associations R2) where the 
wave action redistributes most of the sediment supplied to the delta forming nearly dip 
and strike continuous sandsheets (e.g. Psuty, 1967). On the other hand the few recognized 
transgressive shorelines are interpreted as tidal-influenced deltas (Facies Associations 
R1) containing tidal ridges, which are long and narrow sandbodies, elongated parallel to 
the tidal current direction (dip oriented) (e.g. Maguregui and Tyler, 1991). The geometry 
of these sandridges would be responsible for the transgressive shorelines discontinuity, 
especially in the strike direction. 
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Figure 4.15. Thickness change along strike for Iles transgressive sandstones (Iles 11-14) 
in the (A) Castor Gulch area and (B) Fish Creek area. Here the Iles 
sandstones recognized in the well logs thin out laterally (Iles 12 in Figures 
4.15A and B) or pich out completely (Iles 11 in Figures 4.15A and B and 
lower part of Iles 13 in Figure 4.15B). 
SHORELINE TRAJECTORIES 
Shoreline trajectory is the cross-sectional path of the shoreline as it moves parallel 
to the depositional dip (Helland-Hansen and Gjelberg, 1994). I do not have good enough 
outcrop data to demonstrate the typical  trajectories for the individual Iles shoreline 
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movements, though as stated above it is likely that shorelines 3, 6 and 9/10 had stable to 
downward trajectories because of their valley incisions. However, the trajectories formed 
by successive shorelines in the context of the larger 3rd-order wedge can be plotted 
(Figure 4.16), and these can be measured either by the trajectory of the distal ends of the 
shorelines (basinward pinchout) or that at their proximal ends (landward pinchout). The 
basinward pinchout of the shoreline marks the position of that shoreline at the end of its 
progradation whereas its landward pinchout marks the most seaward position of the 
coastal plain at the end of the shoreline regression (Figure 4.16). As can be observed 
from Figure 4.16, the coastal plain trajectory curve does not track in a synchronous 
manner with the shoreline trajectory curve, i.e., the coastal plain and the shoreline 
prograded at different rates during each 4th-order sequence. In Figure 4.16 it is notable 
that coastal-plain progradation lagged behind shoreline progradation most at Iles 3 and 6. 
This is further evidence of forced regression at these critical time levels, as coastal plain 
accretion does not manage follow shoreline regression during falling relative sea level. 
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Figure 4.16. Shoreline trajectories or positions of the coastal-plain and time-equivalent shoreline pinchouts during maximum 
regression for successive sequences Iles 1-14. 
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SHORELINE RECONSTRUCTION FOR THE 4TH-ORDER SEQUENCES 
Paleogeographic maps of the shoreline during the peak progradation of 4th-order 
cycles were constructed by plotting the proximal and distal sand pinchouts of each deltaic 
shoreline (Figure 4.16). To make the reconstruction more regional, I incorporated the 
same data from an interpreted transect approximately 150 km to the north, in the Rawlins 
area (Gill et al., 1970) (Figure 4.17) as well as data used in chapter 3, in the proximal 
reaches of the system (Figure 4.17). The geometry and lithology of the 4th-order deltaic 
sequences are controlled by the dominant process affecting them, whether river-, wave- 
or tide-dominated deltas (Wright and Coleman, 1973, Galloway, 1975). The morphology 
of wave-dominated deltas is further impacted by the ratio of the net longshore sediment 
transport rate at the river mouth to river discharge, creating symmetric (index is <200) or 
asymmetric deltas (index >200) (Bhattacharya and Giosan, 2003).  
For the present study area, the presence of abundant wave-generated sedimentary 
structures (Crabaugh, 2001) indicate that the shorelines were mainly wave-dominated 
deltas (except for Iles 12, where Facies Association R1: Tidal-influenced delta front is 
interpreted). In the paleogeographic reconstructions these are therefore depicted as 
having developed arcuate to cuspate deltaic lobes (Coleman and Wright, 1975). Modeling 
of current circulation in the Cretaceous Western Interior Seaway suggested that longshore 
currents and net sediment drift were to the south (Ericksen and Slingerland, 1990). This, 
in turn, suggests that the river mouths could have been periodically deflected to the south, 
creating asymmetric deltas (Figure 4.17) with a better sand to mud ratio in the updrift 




Figure 4.17. Reconstructed proposed evolution of the deltaic coastline during the development of the 3rd-order Iles Clastic Wedge. The 
plotted position of the shorelines is interpreted for time of maximum progradation (probably maximum fall) of certain 
4th-order sequences. All the deltaic complexes other than Iles 14 should be covered by coastal-plain mudstone (in light 
grey) at time of deposition of Iles 14, but we do not show this in the cartoon, to highlight the evolution of the deltaic 
complexes. The location of the deltaic deposits is constrained by interpreted well log data and measured stratigraphic 
profiles in the medial (this chapter) and proximal zones (Chapter 3) as well as information from Gill et al. (1971). The 
position of the shorelines is constrained by the most basinward tip of each deltaic complex, and should be located some 
few km basinwards as the deltaic complex became subaqueous.  
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Reconstruction of the evolution of the deltaic shorelines from Iles1 to Iles14 
(Figure 4.17) suggest that the coastline was initially oriented N-S (Iles 1 and Iles 3) 
before evolving to a NE-SW orientation (Iles 6–Iles 14).  
ORIGIN OF THE REPEATED 4TH-ORDER SEQUENCES IN THE CLASTIC 
WEDGE 
The nested 200-400 ky sequences within the Iles Clastic Wedge could have been 
driven by three main agents: tectonics, eustasy, and climate/sediment supply. The first 
driver, tectonics, works at a long time-scale (my) (Heller et al., 1988) and is less likely to 
have produced these sequences. The second driver, eustasy, is more likely to have 
produced short time-scale sea-level changes, probably during Millankovitch few 100 ky 
cycles. This is confirmed by a sea level/ice volume curve (Matthews and Frohlich, 2002) 
and insolation calculation (Laskar et al., 2004) for the Cretaceous that show important 
periodicities of ca. 400 ky. The sea-level changes during this time period were probably 
small (few tens of meters) (Miller et al., 2004) and probably not enough to produce the 
long shoreline excursions (up to 90 km) observed in the Iles shorelines unless the 
gradient of the basin were small. The third driver, sediment supply change triggered by 
climate cycles could have produced Milankovitch induced ca. 100 ky sequences (e.g. 
Kauffman, 1986; 1988). Milankovitch orbital forcing could have produced alternations of 
wet/high sediment supply and dry/low sediment supply periods, which in combination 
with accommodation-producing subsidence, could have caused repeated regressive-to-
transgressive cycles. This climate/sediment supply agent may have worked together with 
tectonic uplift/decreased accommodation in order to produce the valley incisions 
observed in the proximal to medial zones. In conclusion, all the three agents may have 
influenced the 4th-order sequences, but eustasy is the simplest way to explain the 
sequences and probably was the main contributor. 
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CONCLUSIONS 
The Iles Clastic Wedge can be divided into eleven 4th-order sequences. Each of 
these sequences has been characterized in terms of facies in the medial reaches of the 
system and few kilometers landwards of where shorelines are developed. 
Transect correlation and facies characterization indicate that Iles regressive 
shorelines are continuous along dip and strike portions of the transect and interpreted as 
wave dominated, whereas the transgressive shorelines are discontinuous and interpreted 
as tide influenced.  
The Iles Wedge shows five phases of increasing shoreline progradation followed 
by a rapid shoreline backstepping. Three of these phases occurred during 3rd-order 
regression and two during transgression. 
During the overall Iles Wedge regression, phases of maximum progradation at 
Iles 3, 6 and 9/10 show markedly erosive sequence boundaries with associated incised 
valleys, suggesting forced regression at these levels. This behavior of falling relative sea 
level particularly along Iles 3 and 6 is further confirmed by a greater degree of 
decoupling of shoreline progradation from coastal plain progradation at these times, as 
shown by comparing coastal plain and shoreline pinchout trajectories within the 3rd-
order Iles clastic Wedge.  
Paleogeographic reconstruction of the Iles Clastic Wedge 4th-order shorelines 
show that they were originally oriented N-S and that by the time of deposition of Iles 6 
the orientation changed to NE-SW, orientation that was maintained until the end of the 
3rd-order cycle. 
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CHAPTER 5: CONCLUSIONS 
The broad results of this research are: 
(1) During overall regression of the Iles Clastic Wedge, the component higher-
order regressive compartments tend to thicken basinwards into the shoreline 
(medial) reaches of the system, whereas transgressive compartments thicken 
landwards into the proximal coastal-plain areas of the wedge, before 
eventually thinning again on unconformities. This geometry is driven by 
preferential erosion in proximal areas during regression, bypassing much 
sediment to the marine shorelines, and transgressive backfilling into proximal 
areas previously eroded more deeply.  
(2) Within the Iles Clastic Wedge internal regressive compartments the best sand 
accumulation is developed in the wave-dominated deltaic shorelines of the 
medial zone of the wedge (becoming thinner both landwards and seawards of 
the shorelines) whereas within the transgressive compartments the best sand 
accumulation is found in the fluvial and estuarine channels of the proximal 
reaches of the wedge.  
(3) As the high-frequency sequences developed (in R-T shoreline transits up to 90 
km), the effectiveness of basinward sand partitioning reached a maximum 
value near the peak regression level (Iles 9-11)of the large wedge, probably 
during forced regression to judge by valley development, reflecting stronger 
erosion and sediment bypass during this time. However, there was also 
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significant sand bypass into the basin at the peak regression of several 
intermediate-scale regressions (Iles 3 and 6) 
(4) There are also high-frequency sequences developed within the backstepping 
limb of the large wedge but these are relatively thin and discontinuous, and 
they tend to be more tidally influenced than the older regressive shorelines. 
(5) The development of the larger-scale 3rd-order Iles Clastic Wedge was 
influenced by both tectonic and eustatic drivers, with especially important 
tectonic control in the upstream reaches (probably isostatic uplift of the 
orogen). On a 4th-order timescale, the Iles Wedge internal sequences were 
likely most influenced by eustasy, though tectonics and sediment 
supply/climate may also have played a role. Autogenic controls were most 
important at short time scales (100s to 1000s of years), and caused great 
lateral variability within the 4th-order sequences. 
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APPENDICES 
The appendices are included in a CD attached to this dissertation. They consist of 
oversized figures of chapters 2, 3, and 4. Many of these figures are relevant for 
understanding the dissertation material and are cited several times. These appendices are: 
APPENDIX 2.1 
Regional transect from Rock Springs Uplift, Wy to Fish Creek, Co. The position 
of the well logs is identified by numbers 1 through 26, and the projected location of the 
vertical profiles is shown by letters A through J. For description of the numbered and 
lettered localities see Table 2.1 and for a map view of these places see Figure 2.2.The 
transect is composed by gamma-ray (in red, with values ranging from 0 to 150 API from 
left to right), spontaneous potential (in green, with values ranging from -80 to 50 MV 
from left to right), and conductivity well logs (in black, with values ranging from 300 to 0 
mmhos/m from left to right), as well as stratigraphic columns (not shown). The well logs 
were flattened to a common datum, the Asquith marker (not present in the figure). The 
Iles 3rd-order wedge is bounded on top and bottom by maximum flooding surfaces (bold 
blue dashed lines) in the medial shoreline zone. These maximum flooding surfaces get 
eroded by regional unconformities (in black) to the northwest. Within this wedge we 
identified eleven 4th-order sequences bounded on top and bottom by maximum flooding 
surfaces (thin blue dashed lines). Surfaces I-IV constitute the skeleton of the transect and 
are shown in detail in Figure 2.7 in the zones marked by frames A through E. Frames 1-4 
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Sequence stratigraphic and facies interpretation for the regional 300 km (185 
miles) transect from southeast Rock Springs Uplift, Wy (left) to Kremmling, Co (right). 
The position of the well logs is identified by numbers 1 through 26, and the projected 
location of the vertical profiles is shown by letters A through J. This transect depicts real 
distance between wells, whereas the stratigraphic columns were projected at 
approximately right angles into the transect. For description of the numbered and lettered 
localities see Table 2.1. Probable highstand/forced regressive delta/shoreface deposits in 
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Correlation of measured sections in the Rusty Member from Pipeline Canyon to 
Mudspring Ranch (see Figure 3.3 for location of stratigraphic columns).



























































































































































11 study transects and location map. In many cases the horizontal scale of the 
cross section make them quite long. It is recommended printing them in panels using a 
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Transect NS3 with interpreted formations and log patterns. Red diamond 
represents the location of a stratigraphic column in the Rock Springs Uplift area (Roehler, 
1983). For location of the transect see Figure 3.1. 










































































































































































































































































































































































































































































































































































































































Tidal-fluvial channel-fill and coastal plain
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Trail Mb. base (SB)
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Transect WE2 with interpreted formations and log patterns. Red diamonds 
represent the location of a stratigraphic columns (Roehler, 1983; Roehler, 1989; Roehler 
and Hansen, 1989). For location of the transect see Figure 3.1. It is clear from this cross 
section how the Iles marine area (earliest Iles and pre- Iles) became transformed to an 
alluvial (Trail) plain as the Iles Clastic Wedge built out across it, and then to a coastal 
plain (Rusty) and renewed marine area (upper Iles) as the wedge retreated. The Wedge 
was a much larger feature than the RSU, but the latter with its slight differential uplift, 
contributed to the significant erosion of stratigraphy at the base of the wedge.
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(Roehler and Hansen, 1989)
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Facies Association T3: Tidal flats and marshes. Flat-based tabular sandbodies 
(yellow lines) eroded by lenticular units (white dashed lines represent the erosion 
surfaces). White bold line represents the top of the channeled units. The tabular sand beds 
are rippled and alternate with rhythmically interbedded dark gray mudstone and whitish 
siltstone/very fine sandstone and siltstone. These deposits are interpreted as mid-tidal 
flats or mixed flats whereas the heterolithic. The lenticular sandbodies are composed of 




Sequence stratigraphic and facies interpretation for the 110 km transect from 
northwest of the town of Craig (left) to Fish Creek (right). The position of the well logs is 
identified by numbers 12 through 26, and the projected location of the vertical profiles is 
shown by letters C through J. This transect depicts real distance between wells, whereas 
the stratigraphic columns were projected at approximately right angles into the transect. 
Note that the scale on the southeastern tip of the transect is different. For description of 
the numbered and lettered localities see Table 4.1. Probable highstand/forced regressive 
delta/shoreface deposits in yellow, bounded by dashed lines. Position of these sandbodies 
from Masters (1965).
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